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ABSTRACT: Plasmachemical deposition is a substrate-independent method for the
conformal surface functionalization of solid substrates. Structurally well-defined pulsed
plasma deposited poly(1-allylimidazole) layers provide surface imidazole linker groups for
the directed liquid-phase epitaxial (layer-by-layer) growth of metal−organic frameworks
(MOFs) at room temperature. For the case of microporous [Zn (benzene-1,4-
dicarboxylate)-(4,4′-bipyridine)0.5] (MOF-508), the MOF-508a polymorph containing
two interpenetrating crystal lattice frameworks undergoes orientated Volmer−Weber
growth and displays CO2 gas capture behavior at atmospheric concentrations in proportion
to the number of epitaxially grown MOF-508 layers.
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1. INTRODUCTION

Reticular synthesis of metal−organic frameworks (MOFs)
entails the coordination bonding of a metal ion to organic
ligand building blocks via self-assembly, leading to the
formation of two- or three-dimensional structures.1 Some of
these can be highly porous (several thousand m2 g−1), and they
have been developed for a variety of applications including
hydrogen storage,2 gas and liquid separations,3 catalysis,4 and
supercapacitors.5 The wide range of organic linkers and metal
cations available allows for the fine tuning of pore sizes6 and
chemical reactivity.7 To this end, MOFs have been found to be
promising candidates for CO2 gas capture materials due to their
pore size selective adsorption combined with their high internal
surface areas.8

However, MOFs are mainly synthesized as particulate bulk
materials, which can be difficult to handle or incorporate into
specific device architectures. An alternative strategy is to grow
MOFs directly onto a solid surface using liquid phase epitaxy
(layer-by-layer). Previously, such surface-grown MOFs have
been limited to specific substrate materials, including
metals,9−11 metal oxides,11−14 self-assembled monolayers
(SAMs),15−19 and organic polymers.20−24 The major drawback
of these systems is that in each case the deposition technique
needs to be tailored for the chosen substrate. Langmuir−
Blodgett deposition of presynthesized MOF particles directly
onto substrates has been explored as an alternative for CO2
capture, but this approach lacks robustness due to the absence
of any direct chemical coordination between the deposited
MOF particles and the underlying substrate material.25

A particularly interesting MOF is [Zn (benzene-1,4-
dicarboxylate)-(4,4′-bipyridine)0.5] (MOF-508), which is re-
ported to display high levels of CO2 capture and separation of
linear alkanes.26,27 Its bulk form can be solvothermally
synthesized by reacting benzene-1,4-dicarboxylic acid (tereph-
thalic acid), 4,4′-bipyridine, and zinc nitrate in an organic
solvent such as dimethylformamide at elevated temperatures
(363 K).26 The product MOF crystallites are built of zinc-
terephthalate primitive square frameworks, separated by 4,4′-
bipyridine pillars (Scheme 1). In its bulk form, the MOF
framework is interpenetrated with a second identical framework
(catenation), leading to a reduced pore size (4.0 Å diameter)
and forming one of two polymorphs, MOF-508a and MOF-
508b (which are solvent-inclusive and solvent-free materials,
respectively).26−28 Such a reduction in MOF network pore size
improves CO2 adsorption due to an increase in interactions
with the MOF channel walls.29

Self-assembled monolayer liquid phase epitaxy of MOF-508
growth onto gold substrates is reported to give rise to the loss
of MOF framework interpenetration, leading to only large
pores (yielding reduced CO2 capture efficiency as well as higher
water contamination in humid environments).15,28 In this
article, we describe a methodology for the room temperature
surface growth of MOF-508 materials by liquid phase epitaxy
that leads to the formation of an interpenetrated MOF-508
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network with a reduced pore size (akin to MOF-508a, as
evidenced by X-ray diffraction and infrared spectroscopy) and
is therefore better suited to CO2 capture and stability toward
humidity. This comprises pulsed plasma deposition of a poly(1-
allylimidazole) layer onto either quartz crystal microbalance
(QCM) discs or polytetrafluorethylene (PTFE) membranes to
generate surface linker imidazole groups, followed by liquid
phase epitaxial growth of MOF-508 using zinc acetate as the
metal ion source in association with terephthalic acid and 4,4′-
bipyridine as secondary building units (Scheme 1). The pulsed
plasma deposition step entails modulating an electrical
discharge during the flow of gaseous 1-allylimidazole precursor
(which contains a polymerizable carbon−carbon double
bond30,31) over the substrate. Mechanistically, there are two
distinct reaction regimes corresponding to the plasma duty
cycle on and off periods (typical time scales are on the order of
microseconds and milliseconds, respectively).32 Namely,
monomer activation and reactive site generation occur at the
substrate surface during each short burst of plasma during the
on period (via VUV irradiation, ion, or electron bombardment)
followed by conventional carbon−carbon double bond
polymerization proceeding in the subsequent extended off
period (in the absence of any VUV-, ion-, or electron-induced
damage to the growing film). High levels of precursor
functional group structural retention within pulsed plasma
deposited nanolayers can be achieved (as confirmed by XPS,
ToF-SIMS, and NMR).33 Strong covalent attachment of the
deposited functional layers to the underlying substrate occurs
via free radical sites created at the interface during electrical
discharge ignition. Other distinct advantages of the plasma-
chemical approach include the fact that it is quick (single-step),
solventless, and energy-efficient, as well as the fact that the
reactive gaseous nature of the electrical discharge provides
three-dimensional conformality to the host substrate geome-
try.34 The MOF-508 layers grown by liquid phase epitaxy onto
pulsed plasma deposited poly(1-allylimidazole) functionalized
materials in the present study have been tested for CO2 capture
in both pure CO2 atmospheres as well as at diluted atmospheric
concentrations.

2. EXPERIMENTAL SECTION
2.1. Pulsed Plasma Deposition of Poly(1-allylimidazole)

Linker Layer. A cylindrical glass reactor (5.5 cm diameter, 475 cm3

volume) housed within a Faraday cage was used for plasmachemical
deposition. This was connected to a 30 L min−1 rotary pump (E2M2,
Edwards Vacuum Ltd.) via a liquid nitrogen cold trap (base pressure
less than 1.5 × 10−3 Torr and air leak rate better than 6 × 10−9 mol
s−1). A copper coil wound around the reactor (4 mm diameter, 10
turns, located 10 cm downstream from the gas inlet) was connected to
a 13.56 MHz radio frequency (RF) power supply via an L−C
matching network. A signal generator (model TG503, Thurlby
Thandar Instruments Ltd.) was used to trigger the RF power supply.
Prior to film deposition, the whole apparatus was thoroughly scrubbed
using detergent and hot water, rinsed with propan-2-ol (+99.5 wt %,
Fisher Scientific UK Ltd.), oven-dried at 423 K, and further cleaned
using a 50 W continuous wave air plasma at 0.15 Torr pressure for 30
min.

Quartz crystal microbalance disc (14 mm diameter, gold coated,
INFICON GmbH) and silicon substrate (Silicon Valley Micro-
electronics Inc.) preparation comprised successive 15 min sonication
in propan-2-ol and then cyclohexane (+99.7 wt %, Sigma-Aldrich Co.)
followed by insertion into the center of the chamber. Further cleaning
entailed running a 50 W continuous wave air plasma at 0.15 Torr
pressure for 15 min. This was followed by plasmachemical film
deposition. In addition, PTFE membrane (180 ± 10 μm thickness, 5 ±
2 μm surface pore size determined by SEM, Mupor Ltd.) was used as a
flexible substrate (the air plasma cleaning step was bypassed due to its
polymeric nature).

A thin layer of tetramethylsilane plasma polymer (20 ± 7 nm) was
deposited first in order to provide an organosilicon network for good
adhesion to the substrate of the pulsed plasma deposited poly(1-
allylimidazole) film.35 Tetramethylsilane precursor (+99.9 wt %, Alfa
Aesar, Thermo Fisher Scientific Inc.) was loaded into a sealable glass
tube, degassed via several freeze−pump−thaw cycles, and then
attached to the reactor. This was followed by purging the chamber
with tetramethylsilane vapor at a pressure of 0.15 Torr for 15 min
prior to electrical discharge ignition. Plasma deposition was performed
in continuous wave mode using a RF generator power output of 3 W
for 120 s. Upon plasma extinction, the tetramethylsilane vapor was
allowed to continue to pass through the system for a further 15 min,
and then the chamber was evacuated to base pressure followed by
venting to atmosphere.

The tetramethylsilane plasma polymer coated substrates were then
inserted into a cleaned chamber for pulsed plasma polymer deposition
of the MOF linker layer. 1-Allylimidazole (+97 wt %, Acros Organics
B.V.B.A.) precursor was loaded into a sealable glass tube, degassed via
several freeze−pump−thaw cycles, and then attached to the reactor.
Precursor vapor was then allowed to purge the apparatus at a pressure
of 0.11 Torr for 15 min prior to electrical discharge ignition. Pulsed
plasma deposition was performed using a duty cycle on period (ton) of
20 μs and a duty cycle off period (toff) of 1200 μs in conjunction with a
RF generator power output (Pon) of 30 W for 15 min to give a film
thickness of 243 ± 8 nm (thicker films of 1.69 ± 0.09 μm were
obtained by longer deposition in order to match the sampling depth
required for infrared spectroscopy RAIRS measurements).36 Upon
plasma extinction, the precursor vapor was allowed to continue to pass
through the system for a further 15 min, and then the chamber was
evacuated to base pressure followed by venting to atmosphere.

2.2. Growth of MOF-508 Layers. MOF-508 growth onto pulsed
plasma deposited poly(1-allylimidazole) coated substrates was carried
out by liquid phase epitaxy at room temperature (293 K).15 A 1.0 mM
zinc acetate (99.99 wt %, Sigma-Aldrich Co.) in tetrahydrofuran (99.8
wt %, Fisher Scientific UK Ltd.) solution was sonicated for 30 min
prior to use. A second solution comprising 0.2 mM terephthalic acid
(97 wt %, Sigma-Aldrich Co.) and 0.2 mM 4,4′-bipyridine (98 wt %,
Sigma-Aldrich Co.) in tetrahydrofuran was also sonicated for 30 min
prior to use. The linker-coated substrates were immersed into the zinc
acetate solution for 5 min, rinsed in fresh tetrahydrofuran for 10 s, and
dried in air for 1 min (PTFE substrates used a 2 min drying period).
Once dry, the coated substrates were immersed into the terephthalic
acid-4,4′-bipyridine solution for 5 min, followed by rinsing in fresh
tetrahydrofuran for 10 s and drying in air. This is designated as one
complete liquid phase epitaxy cycle and corresponds to one layer of

Scheme 1. Layer-by-Layer Growth of MOF-508 onto a
Pulsed Plasma Deposited Poly(1-allylimidazole) Linker
Layer
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the MOF; the cycle was repeated multiple times to build up the
required number of layers. This procedure led to solvent incorporation
to give MOF-508a (as determined by X-ray diffraction). Activation of
this material (solvent removal) was achieved by employing a low
boiling point solvent (tetrahydrofuran) during the MOF synthesis,
which readily desorbs out of the MOF lattice under vacuum to leave
behind open cavities available for CO2 capture.

37

2.3. Film Characterization. Infrared spectra were acquired using
an FTIR spectrometer (Spectrum One, PerkinElmer Inc.) fitted with a
liquid nitrogen cooled MCT detector operating at 4 cm−1 resolution
across the 400−4000 cm−1 range. For reflection−absorption infrared
(RAIRS) spectra of pulsed plasma deposited poly(1-allylimidazole)
and grown MOF layers, a variable angle reflection−absorption
accessory (Specac Ltd.) was adjusted to a grazing angle of 66° for
silicon wafer substrates and p-polarization. Attenuated total reflectance
(ATR) infrared spectra of 1-allylimidazole liquid precursor and MOF-
508 starting materials were obtained using a Golden Gate accessory
(Specac Ltd.)
Surface elemental compositions were measured by X-ray photo-

electron spectroscopy (XPS) using a VG ESCALAB II electron
spectrometer equipped with a nonmonochromated Mg Kα1,2 X-ray
source (1253.6 eV) and a concentric hemispherical analyzer.
Photoemitted electrons were collected at a takeoff angle of 20° from
the substrate normal, with electron detection in the constant analyzer
energy mode (CAE, pass energies of 20 and 50 eV for high resolution
and survey spectra, respectively). Experimentally determined instru-
ment sensitivity factors were C(1s)/O(1s)/N(1s) = 1.00:0.35:0.70.
The core level binding energy envelopes were fitted using Gaussian
peak shapes with fixed full-width at half maxima and linear
backgrounds.38 All binding energy values are referenced to the
C(1s) hydrocarbon (−CxHy) peak at 285.0 eV.39

X-ray diffractograms were acquired with a powder diffractometer
(model d8, Bruker Corp.) across the 5−80° 2θ range using a 0.02°
step size. The copper anode X-ray source (Cu Kα 1.5418 Å
wavelength radiation) was operated at 40 kV and 40 mA.
Scanning electron microscopy (SEM) analysis was undertaken using

secondary electron detection mode, in conjunction with a 25 kV
accelerating voltage (model VEGA3 LMU SEM, Tescan Orsay
Holding, a.s.).
2.4. CO2 Gas Capture. CO2 adsorption onto coated quartz crystal

microbalance substrates (Front Load Single Sensor, INFICON
GmbH) housed inside a glass chamber was carried out at 293 K.
The sensor was connected to a thin film deposition monitor (model
XTM/2, INFICON GmbH). Each coated quartz crystal microbalance
disc was loaded into the chamber and evacuated at 4 × 10−2 Torr for
24 h at 293 K, leading to the desorption of entrapped MOF-508a
lattice solvent molecules.37 In order to mimic the equivalent
concentration at atmospheric pressure, CO2 gas (99.995 vol %,
BOC Ltd.) was introduced to the system at 0.2 Torr pressure, followed
by a dry 80:20 O2 (99.5 vol %, BOC Ltd.)/N2 (99.998 vol %, BOC
Ltd.) gas mixture (<60 ppm of H2O, Series 3 moisture monitor, GE
Panametrics Ltd.) to make up to 760 Torr total pressure. Adsorbed
CO2 gas mass readings were taken at set intervals over a 456 h period
and normalized to the flat area of the quartz crystal microbalance disc
(1.54 cm2). Control experiments using 760 Torr of dry 80:20 oxygen/
nitrogen gas mix (no CO2) showed no mass change.
Volumetric CO2 gas adsorption for flexible PTFE supported MOF

layers was carried out in a sorptometer (model BET-201, Porous
Materials Inc.). Samples were loaded into a glass tube of known
volume and degassed at <1 × 10−2 Torr for 24 h to remove any
adsorbed moisture. CO2 gas was introduced into a calibrated volume
at 1000 ± 2 Torr at 293 K, followed by equilibration with the sample
chamber to provide an initial CO2 pressure over the sample of 720 ± 2
Torr. Pressure readings were taken at fixed intervals over a period of
480 h in order to follow the pressure drop as a function of time. The
number of moles of adsorbed gas was calculated from the pressure
drop in the system (for which the volume is known), which is then
converted to mass of adsorbed CO2 gas, and normalized to the size of
the flat area of the PTFE membrane (40.5 cm2). The sample volume

was calculated by gas pycnometry using N2 gas and was subtracted
from the sample cell volume for CO2 adsorption measurements.

3. RESULTS
3.1. Pulsed Plasma Deposition of a Poly(1-allylimida-

zole) Linker Layer. Infrared spectroscopy of pulsed plasma
deposited poly(1-allylimidazole) films confirmed a high level of
precursor imidazole functional group structural retention36

(Figure 1). Characteristic imidazole ring absorbances include

the CC−H ring stretch (3107 cm−1), CN ring stretch
(1504 cm−1), and NC−H ring in-plane bend (1107 cm−1)
vibrations.40 Disappearance of the monoalkyl vinyl CH2 wag
vibration mode (906 cm−1) associated with the 1-allylimidazole
precursor molecule is consistent with selective polymerization
of the vinyl group during pulsed plasma deposition.41

Absorbance bands visible in the 1560−1700 cm−1 spectral
range can be attributed to a small amount of electrical discharge
fragmented imidazole group CN stretches,42 and carbonyl
stretches belonging to adducts formed through atmospheric
carbon dioxide adsorption following exposure of the deposited
film to air.43,44

XPS analysis of pulsed plasma poly(1-allylimidazole)
deposited onto a silicon wafer detected only carbon, nitrogen,
and low levels of oxygen (attributed to a small amount of water
adsorption and adducts formed through carbon dioxide
adsorption upon air exposure42,43). The N(1s) binding
envelope could be fitted to two different nitrogen environments
at 398.7 and 400.5 eV, corresponding to the imidazole ring C
N and CN nitrogen centers, respectively46 (Figure 2). Their
slight deviation in relative concentrations away from the
expected theoretical 1:1 peak area ratio for the imidazole ring
structure stems from a low level of precursor fragmentation
occurring within the electrical discharge.42 The C(1s) and
O(1s) XPS regions comprised single overall peak shapes and
were therefore unresolvable.

3.2. Epitaxial Growth of MOF-508 Layers. The infrared
spectrum of 200 layer MOF-508 grown by liquid phase epitaxy
onto a pulsed plasma poly(1-allylimidazole) coated silicon
wafer contains two strong, broad absorbances between 1400
and 1700 cm−1, which can be respectively attributed to the

Figure 1. Infrared spectroscopy: (a) ATR of liquid 1-allylimidazole
precursor and (b) RAIRS of pulsed plasma poly(1-allylimidazole)
deposited onto a silicon wafer. *Denotes monoalkyl vinyl CH2 wag
vibration at 906 cm−1 in 1-allylimidazole precursor. Dashed lines
denote characteristic imidazole ring absorbances at 3107, 1504, and
1107 cm−1. Overall relative intensity differences between the two
spectra are due to the use of ATR versus RAIRS infrared spectroscopic
techniques.45
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overlapping terephthalate C−O− deformation vibration
(slightly shifted to lower wavenumbers from 1406 cm−1 in
terephthalic acid for C−OH due to proton loss47,48) and
carbonyl stretch vibration (the terephthalic acid 1673 cm−1

feature is shifted to 1670 cm−1 due to metal coordination47,49)
(Figure 3 and Table 1). Also, there are the 4,4′-bipyridine ring

quadrant vibration (1593 cm−1 shifted to higher wavenumbers
due to coordination relative to 1585 cm−1 for 4,4′-
bipyridine)50,51 and the 4,4′-bipyridine semicircle stretch
vibration (1408 cm−1).50 These infrared spectral features are
consistent with the incorporation of both terephthalate and
4,4′-bipyridine organic linkers during the layered growth of
MOF-508 (Scheme 1). Bulk MOF-508 is also reported to
display these strong infrared absorbances.52 Additional lower
intensity vibrations include C−O− deformation mode (shifted
to 1250 cm−1 compared to 1276 cm−1 for C−OH in
terephthalic acid due to proton loss),47,48 substituted benzene
C−H deformation mode (1134 cm−1) for the constituent
terephthalate linker, and pyridine sextant out-of-plane bend

vibration (748 cm−1) for the constituent 4,4′-bipyridine linker
unit.47,50 The low intensity peak at 1017 cm−1 can be assigned
to the antisymmetric C−O−C valence vibration of lattice
incorporated tetrahydrofuran solvent molecules, which is
consistent with the formation of the solvent-inclusive MOF-
508a polymorph.53

Powder X-ray diffractograms of 200 layer MOF-508 grown
onto a pulsed plasma poly(1-allylimidazole) coated silicon
wafer showed two prominent peaks at low detector angles that
are consistent with an orientated large lattice constant material
(Figure 4). These diffraction peaks at 6.3 and 12.5° are assigned
to the (001) and (002) planes of the solvent-inclusive MOF
(MOF-508a), with calculated lattice spacings of 14.0 and 7.1 Å,
respectively.15,26 A lack of strong intensities for the (100) and
(010) MOF-508a diffraction peaks indicates that the majority
of the MOF crystallites have been templated (orientated) by
the pulsed plasma deposited poly(1-allylimidazole) surface. The
greater intensity of the (001) peak compared to the (002) peak
supports an interpenetrated network of MOF-508a, which is
caused by the incorporation of a second lattice.15,55,56 This
should be contrasted against noninterpenetrated MOF-508,
which is reported to show the reverse (001) to (002) peak
intensity ratio due to the absence of destructive interference
effects (as confirmed by comparing experimental versus
calculated X-ray diffraction patterns for MOF-508a, MOF-
508b).15 The two low intensity 2θ peak values between 8 and
10° are attributable to a small amount of nonorientated solvent-
inclusive MOF-508a and solvent-free MOF-508b, respec-
tively.15

Scanning electron micrographs taken following 20 and 200
layer growth of MOF-508 onto a pulsed plasma poly(1-
allylimidazole) coated silicon wafer show the presence of
individual crystallites on the surface (Figure 5). Upon reaching
200 layers of MOF-508 growth, a clear crystallite morphology is
visible, which is consistent with the bulk MOF-508 triclinic unit
cell.26 This confirms that imidazole linker group functionalized
substrate surface provides seeding sites for the layer-by-layer
growth of MOF-508 crystallites. The direction of crystal growth
was vertically outward, but they were not aligned within the
plane of the substrate. The epitaxially grown MOF-508
crystallites were found to be strongly bonded to the underlying
substrate (as evidenced by prolonged rinsing and agitation in
tetrahydrofuran solvent).

3.3. CO2 Gas Capture. MOF-508 layers grown onto pulsed
plasma poly(1-allylimidazole) coated quartz crystal micro-
balance (QCM) discs were studied for CO2 adsorption capacity
at the equivalent of atmospheric CO2 partial pressures (0.3
Torr CO2 diluted in a 20:80 O2/N2 gas mixture to give 760
Torr total pressure57) (Figure 6). Adsorption of CO2 was rapid
during the first 24 h, followed by a more gradual rise over the
next 10 days. The overall capacity for CO2 adsorption
correlated to the number of MOF-508 layers grown (Figure
6). This is consistent with there being deposition of a single
MOF-508 layer during each liquid phase epitaxial growth cycle.
Saturation of gas adsorption was measured by using 760 Torr
pressure of CO2, and this showed that the maximum CO2
adsorption capacity of the 20 layer MOF-508 was reached after
456 h, which was only 10% greater than the amount of CO2
adsorbed at 0.3 Torr CO2 partial pressure (after 456 h) (Figure
7). This relative insensitivity of CO2 adsorption versus CO2
partial pressure is consistent with earlier bulk MOF-508
studies26 and demonstrates the high affinity of the grown
MOF-508 layers toward CO2 gas capture across a wide range of

Figure 2. N(1s) XPS spectrum of pulsed plasma poly(1-
allylimidazole) deposited onto a silicon wafer. Weak Mg Kα3 and
Mg Kα4 X-ray satellites are, respectively, 8.4 and 10.1 eV lower in
binding energy relative to assigned Mg Kα1,2 components.

Figure 3. Infrared spectra: (a) pulsed plasma poly(1-allylimidazole)
deposited onto a silicon wafer; (b) zinc acetate; (c) terephthalic acid;
(d) 4,4′-bipyridine; and (e) 200 layer MOF-508 grown onto pulsed
plasma poly(1-allylimidazole) coated silicon wafer. Fingerprint peaks:
(*) zinc acetate, (‡) terephthalic acid, (†) 4,4′-bipyridine, and (•)
tetrahydrofuran. See Table 1 for assignments.
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partial pressures. Control experiments using pulsed plasma
poly(1-allylimidazole) coated QCM discs showed a low level of
CO2 adsorption (due to adduct formation with imidazole
centers)43,44 (Figure 6).
The practical viability of the described methodology for

preparing CO2 capture MOF materials supported on different
types of substrate was demonstrated further by translating the
developed methodology to flexible PTFE membrane films
(Figure 8). PTFE supported 20 layer MOF-508 captured 148
μg cm−2 of CO2 following 480 h of CO2 gas exposure. The rate
of CO2 uptake over the first 12 h (starting from 2 min after the
initial exposure) was 1.51 ± 0.10 μg cm−2 h−1 (which is

significant given the ultrathin nature of the 20 layer MOF),
compared to 0.51 ± 0.04 μg cm−2 h−1 for the uncoated PTFE
membrane reference (no MOF or linker layer and just PTFE
pore absorption58). Slower CO2 gas adsorption was observed
for these PTFE supported MOF-508 layers compared to their
quartz crystal microbalance counterparts. This can be attributed
to a combination of a lower starting pressure in the volumetric
adsorption system (720 Torr compared to 760 Torr for QCM

Table 1. Infrared Spectral Assignments of MOF-508 Constituent Building Units and 200 Layer MOF-508 Grown onto Pulsed
Plasma Deposited Poly(1-allylimidazole)a

absorbance/cm−1

assignment zinc acetate terephthalic acid 4,4′-bipyridine 200 layers of MOF-508

carbonyl symmetric stretch54 1443 − − ca. 1430
carbonyl asymmetric stretch54 1531 − − ca. 1530

substituted benzene C−H deformation47 1138 1134
carboxylic acid C−OH/[C−O−] deformation47,48 − 1276 − [1250]
carboxylic acid C−OH/[C−O−] deformation47,48 − 1406 − [ca. 1400]
carboxylic acid carbonyl stretch47 − 1673 − ca. 1670

pyridine sextant out-of-plane bend50 − − 734 748
pyridine semicircle stretch50 − − 1402 1408
pyridine quadrant stretch50,51 − − 1585 1593

tetrahydrofuran solvent antisymmetric C−O−C vibration53 1017
aPulsed plasma deposited poly(1-allylimidazole) assignments are given in Figure 1. Other absorbances include the C−H stretch (ca. 3100 cm−1),
background water O−H stretch (ca. 3300 cm−1), and background carbon dioxide C−O stretch (ca. 2300 cm−1).47

Figure 4. Powder XRD of 200 layer MOF-508 grown onto a pulsed
plasma poly(1-allylimidazole) coated silicon wafer. The two low
intensity 2θ peak values between 8 and 10° are attributable to a small
amount of nonorientated solvent-inclusive MOF-508a and solvent-free
MOF-508b, respectively, based upon the corresponding bulk phase
XRD patterns.15

Figure 5. SEM micrographs of MOF-508 crystallite growth onto a
pulsed plasma poly(1-allylimidazole) coated silicon wafer substrate: (a,
b) 20 layers and (c) 200 layers.

Figure 6. Quartz crystal microbalance CO2 gas capture using 0.3 Torr
partial pressure of CO2 gas diluted in a 20:80 O2/N2 gas mixture to
give 760 Torr total pressure as a function of (a) gas mixture exposure
time and (b) number of MOF-508 layers grown onto pulsed plasma
deposited poly(1-allylimidazole) (cm−2 refers to the surface area of the
quartz crystal microbalance disc).

Figure 7. Quartz crystal microbalance CO2 gas capture as a function of
exposure time for 20 layer MOF-508 grown onto pulsed plasma
deposited poly(1-allylimidazole) using (■) 0.3 Torr partial pressure of
CO2 gas diluted in a 20:80 O2/N2 gas mixture to give 760 Torr total
pressure and (●) 760 Torr of CO2 gas (cm

−2 refers to the surface area
of the quartz crystal microbalance disc).
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studies) and a larger pressure drop over time due to the greater
gas adsorption capacity of the PTFE membrane supported
MOF-508 material, resulting in a longer period of time to reach
equilibrium between CO2(g) versus CO2(ads) (Figures 7 and 8).
The difference in adsorbed mass of CO2 after 456 h between
QCM and PTFE supported materials (2.1 and 145 μg cm−2,
respectively) is due to the higher internal surface area of the
porous PTFE membrane available for MOF crystallite growth.

4. DISCUSSION
Pulsed plasmachemical functionalization of solid surfaces using
polymerizable functional precursors is a well-established,
solventless, single-step, conformal, and substrate-independent
technique that offers the advantage of high levels of functional
group retention, thus making it well-suited for the deposition of
functional groups onto both inorganic and organic substrates
for MOF templating. Infrared spectroscopy and XPS analyses
have shown that there is a large degree of imidazole ring
retention during pulsed plasma deposition of 1-allylimidazole
precursor, which is a prerequisite for the epitaxial growth of
MOF-508 layers (Figures 1 and 2).
MOF-508a was found to grow selectively onto the pulsed

plasma poly(1-allylimidazole) deposited layers, thereby con-
firming the substrate-independent nature of the methodology.
The crystallite morphology observed by SEM is consistent with
other liquid phase epitaxial grown MOF layers (which display a
Volmer−Weber island layer-by-layer growth mechanism19)
(Figure 5). This indicates that the surface energy of the
crystal−solution interface is greater than that of the substrate−
solution interface, which leads to the growth of three-
dimensional islands on the surface (rather than Frank−van
der Merwe uniform layer-by-layer growth across the whole
substrate).59

In contrast to the previously reported growth of MOFs onto
self-assembled monolayers (SAMs; which provide templating of
noninterpenetrated MOF-508 lattice15), the pulsed plasma
deposited layer approach gives rise to interpenetrated MOF-
508 lattices (MOF-508a), providing the added benefit of an
appropriate pore size for selective CO2 adsorption (4.0 Å
diameter) and stability toward water uptake from ambient
humidity.26,28 Also, in this case, the Volmer−Weber island
layer-by-layer growth mechanism provides relatively less
compact packing of the MOF-508a crystallites (higher external
surface area), giving guest CO2 molecules greater access to
MOF-508a crystallite pore openings from the (100) and (010)

faces (which are blocked for both SAM-based close-packed
unidirectional and perfect Frank−van der Merwe (001) layer-
by-layer MOF film growth modes60,61). Such orientation
specific gas adsorption behaviors have been documented for
other MOF systems.62

Assuming complete coverage of an underlying flat substrate
with a single unit cell thickness of interpenetrated MOF-508
layer during each epitaxial cycle, the maximum theoretical mass
of MOF-508a grown onto the pulsed plasma deposited poly(1-
allylimidazole) layer coated quartz crystal microbalance
substrates is calculated to be 16.0 μg after 60 cycles (based
on the MOF-508a unit cell dimensions measured by XRD and
the QCM disc area). Using this value in conjunction with the
experimental QCM CO2 gas uptake measurements, the total
amount of CO2 captured per gram of MOF-508a is calculated
to be 6 mmol g−1; in fact, the incomplete layer-by-layer
coverage of the substrate with MOF (due to the Volmer−
Weber island growth mechanism) means that this value is an
underestimate. This CO2 uptake value (6 mmol g−1) is
comparable to previously reported surface supported CO2
capture MOFs (1−4 mmol g−1) and bulk MOF-508 CO2
capture materials (1−2 mmol g−1 at atmospheric pres-
sure).25,27,63 Furthermore, it appears to be on the same order
of magnitude as other CO2 sequestration technologies, such as
alkali metal carbonates (9.4 mmol g−1)64 and hyperbranched
aminosilicas (5.5 mmol g−1).65 On the basis of this saturated
QCM CO2 gas adsorption value of 6 mmol g−1, the CO2/
Zn(II) ratio is calculated to be 2:1 for the MOF-508a film, with
fast adsorption occurring up to 50% gas uptake attributable to
the interaction of CO2 with vacant Zn(II) lattice coordination
sites.66 The gas adsorption rate slows beyond a CO2/Zn(II)
stoichiometric ratio of 1:1, which is attributable to the
participation of secondary weaker adsorption sites and CO2−
CO2 interactions becoming dominant.66

The practical viability of the pulsed plasma deposited poly(1-
allylimidazole) templated MOF-508a layers for CO2 capture
under atmospheric conditions (diluted CO2 concentrations in
O2/N2 carrier gas mixture) has been demonstrated by achieving
gas uptake values close to those measured at the saturation
adsorption limit for a pure CO2 atmosphere (Figure 7). High
affinity for the separation of CO2 at atmospheric concentrations
from air has been previously reported for sodium hydroxide,67

zeolites,68 and some bulk MOFs,69 but not for surface-anchored
MOFs. By combining the aforementioned CO2 adsorption
properties with a plasmachemical deposited flexible substrate
linker layer, the described approach facilitates the application of
MOF-508 to a wide variety of substrate materials and
geometries (including membranes and fibers) and hence CO2
capture applications (for example, carbon sequestration,
industrial flue gas scrubbers, and recirculating breathing
apparatus), something which is not easily feasible using other
surface-templating methods, such as self-assembled monolayers
(SAMs), metals, or metal oxides due to their inherent substrate
specificities. Furthermore, apart from host−guest interactions,
the growth of such supported functional MOF layers could
form the basis of physical or chemical responsive materials
including phase transitions triggered by guest adsorption/
desorption or photochemical, thermal, and mechanical
stimuli.70

5. CONCLUSIONS
Pulsed plasma deposited poly(1-allylimidazole) layers can be
used for the substrate-independent epitaxial growth of

Figure 8.Mass of CO2 gas adsorbed by 20 layer MOF-508 grown onto
a pulsed plasma deposited poly(1-allylimidazole) coated PTFE
membrane in a sealed CO2 atmosphere (initial pressure 720 Torr)
as a function of exposure time (calculated from volumetric gas
adsorption measurements; cm−2 refers to the size of the piece of PTFE
membrane substrate).
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microporous [Zn (benzene-1,4-dicarboxylate)-(4,4′-bipyri-
dine)0.5] (MOF-508) layers at room temperature. The observed
surface crystallite morphology is consistent with the Volmer−
Weber island layer-by-layer epitaxial growth mechanism. These
MOF-508 layers display a high affinity toward the separation of
carbon dioxide at atmospheric concentrations from oxygen/
nitrogen carrier gas mixtures, and the total carbon dioxide
capture capacity is found to correlate to the number of MOF-
508 layers grown.
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Interpenetration in Metal−Organic Frameworks by Liquid-Phase
Epitaxy. Nat. Mater. 2009, 8, 481−484.
(16) Otsubo, K.; Haraguchi, T.; Sakata, O.; Fujiwara, A.; Kitagawa, H.
Step-by-Step Fabrication of a Highly Oriented Crystalline Three-
Dimensional Pillared-Layer-Type Metal−Organic Framework Thin
Film Confirmed by Synchrotron X-ray Diffraction. J. Am. Chem. Soc.
2012, 134, 9605−9608.
(17) Hinterholzinger, F. M.; Wuttke, S.; Roy, P.; Preuße, T.; Schaate,
A.; Behrens, P.; Godt, A.; Bein, T. Highly Oriented Surface-Growth
and Covalent Dye Labelling of Mesoporous Metal−Organic Frame-
works. Dalton Trans. 2012, 41, 3899−3901.
(18) Hanke, M.; Arslan, H. K.; Bauer, S.; Zybaylo, O.; Christophis,
C.; Gliemann, H.; Rosenhahn, A.; Wöll, C. The Biocompatibility of
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