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chemistries. Recently, we have used anisotropic liquid crystals
as templates to prepare surface-anchored helical nanofibers
with programmable shapes and long-range lateral organiza-
tion.10 Most notably, by using nematic liquid crystals, straight
or bent nanofiber arrays were obtained. By using cholesteric
liquid crystals, the helical chirality could be transferred to the
nanofibers to template spiraling fibers with tens of μm length.
Using chiral PCP precursors bearing a stereogenic center
enables the formation of chirality-defined superhierarchical
arrays of nanohelices via CVD polymerization into supported
films of LCs.11 This finding outlines a new approach for
polymer nanostructures, as morphological design features can
be templated aiming for engineered 3D soft-matter architec-
tures. Cyclophane-based CVD polymerization on sublimating
ice particles at the dynamic vapor−solid interface has also been
introduced to prepare poly(p-xylylene) structures, replicating
the ice particle template.12−14 This vapor-phase sublimation
and deposition process occurs simultaneously, where the
deposition of the poly(p-xylylene)s occupies the space vacated
by the sublimating ice.

MOFs are synthetic 3D porous crystalline hybrid materials
composed of metal-containing nodes and organic ligands that
exhibit regular extended structures and have confined pores
and channels which can be tailored to serve as molecular-level
flasks and scaffolds for controlled polymerization.15−17 Owing
to fascinating structural attributes, MOFs have been demon-
strated to be an excellent host,18 extensively investigated in gas
adsorption/separation,19 molecular recognition,20 and other
emerging applications.21 For the realization of controlled
polymerization using MOF pores and channels, several
covalent and noncovalent approaches have been devised to
generate MOF−polymer composites with widespread applica-
tion possibilities.22−25 Employing MOF nanochannels for the
free-radical polymerization of styrene monomers, thereby
controlling the macromolecular growth process through the
highly ordered geometry of the MOF nanospaces, was
p ionee red by K i t agawa and co -worke r s u s ing
[M2(bdc)2(dabco)]n (M = Zn2+ or Cu2+) (bdc = benzenedi-
carboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane) together
with the initiator 2,2′-azobis(isobutyronitrile).26 Other rele-
vant studies include oxidative polymerization of pyrrole inside
the pores of HKUST-1 ([Cu3(BTC)2]n, where BTC =
benzene-1,3,5-tricarboxylate)27 and electrochemical synthesis
of polyaniline by employing an HKUST-1-modified conduct-
ing electrode,28 and for introducing chirality with porosity, self-
polymerizable chiral monomers (3,4-dihydroxy-L-phenylala-
nine) have also been immobalized into the pores of an achiral

MOF template, resulting in homochiral polymer films that
exhibits enantioselective adsorption of naproxen.29 Similarly, a
number of other protocols have been developed to fabricate
MOF−polymer hybrid materials with controlled morphologies,
including postsynthetic polymerization, grafting, templating,
and other bottom-up approaches.30−35 Pioneering studies on
postsynthetic transformation of clickable MOFs (azide-
functionalized MOFs) to a polymer gel by Sada and co-
workers, who employed alkyne−azide click chemistries in a
step-by-step fashion to fabricate MOF-templated porous
network polymers, had sparked huge interest for the
exploration of MOF-templated polymer networks.36−38 Ad-
vancing the concept of crystal-controlled polymerization in
confined nanospaces, we have demonstrated the utility of an
epitaxially grown surface-anchored MOF (SURMOF) for
structuring polymer networks, forming three-dimensional
cross-linked network polymers and interwoven molecular
architectures with widespread application possibilities and
tunable properties.39,40 Self-polymerization of the homopoly-
merizable ligands in the MOF nanospaces to form interwoven
polymeric molecular architectures (without the need for guest
molecules) has also been demonstrated.41 Despite the rapid
progress of this appealing concept, the key limitations
associated to diffusion limitation and blocking of pores with
the proceeding reaction, limited stability of MOFs in reaction
medium, as well as the requirement of a specific catalyst or
initiator and solvent, and long reaction time offer the
opportunity for improvements. Moreover, judicious selection
and particular design of polymerizable modular building blocks
are a prerequisite for enabling such polymerization.42,43 To
overcome some of these hurdles, by combining the cyclo-
phane-based CVD polymerization with a MOF-templated
approach, in this report, we sought to develop a new and
effective method for structuring of the porous parylene
particles via crystal-controlled CVD polymerization employing
solid-state 3D MOF confined geometries as sacrificial
templates (Scheme 1). This is the first report on the
cyclophane-based MOF-templated polymerization using the
CVD approach, though in the context of MOF−inorganic
composites, CVD has been employed in the synthesis of
inorganic materials such as metal nanoparticles and organo-
metallic complexes inside the MOF nanochannels.44,45

Compared to conventional approaches reported for
polymerization in MOFs, the CVD polymerization process
offers advantages of (i) clean conversion of the monomers
without any byproducts, (ii) does not require initiator- and
(iii) solvent-free in nature, and additionally (iv) an efficient

Scheme 1. Schematic Illustration of the Polymerization of Poly(p-xylylene) via cyclophane-basedCVD Polymerization using
MOF Crystals as a Templatea

aEDTA stands for ethylenediaminetetraacetic acid.
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EDTA colorless solution into blue. Complete removal of the
MOF template from the parylene@HKUST-1 composite
resulted in colorless parylene particles (PPX and PPX-Cl).
Dissolution of the HKUST-1 sacrificial template (hydrolysis
and subsequent demetalation) yielded metal-free, entirely
organic, templated PPX and PPX-Cl particles as shown in
Figure 2.

The pristine HKUST-1, parylene@HKUST-1 composite,
and the parylene particle (PPXs and PPX-Cl) samples were
studied by a digital microscope (DM) and a scanning electron
microscope (SEM) as shown in Figure 2. The DM and SEM
images reveal that the pristine morphology of the HKUST-1 is
well-preserved by the parylene@HKUST-1 composites and the
parylene particles, indicating the successful transfer of
nanostructures and structural regularity into the newly formed
parylene particles. Taken together, the data obtained by DM
and SEM studies suggest that CVD polymerization successfully
deposited the polymers in the confined nanochannels of
HKUST-1. The samples were further characterized by powder
X-ray diffraction (PXRD), attenuated total reflectance (ATR),
Raman spectroscopy, time-of-flight secondary-ion mass spec-
trometry (ToF-SIMS), SEM with energy-dispersive X-ray
elemental mapping (SEM−EDX), and focused ion beam
scanning electron microscopy (FIB-SEM).

Crystallinity of the parent HKUST-1, parylene@HKUST-1
composites, and the parylene particles (PPX and PPX-Cl) was
evaluated by PXRD analysis. As shown in Figure 3a, PXRD
data of the pristine MOF HKUST-1 and parylene@HKUST-1
composites overall match well with the HKUST-1 reference
pattern. XRD patterns of the HKUST-1 before and after the
CVD polymerization showed identical peak positions,
indicating that the parent MOF network structure is kept
intact during the CVD polymerization. The MOF-templated
CVD approach afforded semicrystalline parylene particles, each
exhibiting a broad peak. PPX and PPX-Cl peak positions and
respective shifts are in agreement with the literature.53 The
different peak positions are due to the variation in the
distribution of crystalline domains of PPX and PPX-Cl. From
the PXRD pattern, domain sizes of around 13 and 30 Å can be
calculated for PPX and PPX-Cl, respectively. Based on the
molecular sizes of PPX (6.3 Å) and PPX-Cl (7 Å), roughly two
and five molecules in each direction, respectively, are arranged
in small aggregates in the range of the observed few angstroms.

Thus, they can form different periodic structures leading to
different positions of the very broad peaks as found in the
corresponding diffractogram.

MOF−polymer composites are further characterized by
thermogravimetric analysis (TGA), and TGA graphs are
provided in the SI (Figure S2). TGA graphs show the first
weight loss of solvent molecules in the temperature range of
40−245 °C. The plateau of dehydrated/desolvated samples is
adjusted to 100%. The HKUST-1 structure is decomposed
around 310 °C with a weight loss of 35% ascribed to the loss of
organic linker molecules. In comparison to this, weight losses
of around 43 and 45% in the case of composites PPX@
HKUST-1 and PPX-Cl@HKUST-1 infer that the composites
contain around 8 and 10% more organic content than the
pristine HKUST-1, respectively. We further verified the PPX
and PPX-Cl polymer formation by Raman and ATR-IR
spectroscopy. The Raman spectra (Figure 3b and Figure S1)
are consistent and fit well with the literature.54,55 The bands
associated with the Cu ions in HKUST-1 appear between 150
and 600 cm−1. The bands at 505 and 457 cm−1 and in the
range of 193−172 cm−1 and a band at 230 cm−1 are attributed
to Cu−O (oxygen atoms of carboxylate bridges) and Cu−Cu
stretching modes, respectively. The Raman modes at 1467 and
1388 cm−1 are assigned to the asymmetric and symmetric
stretching vibrations of carboxylate (COO) groups. Compar-
ing the HKUST-1 Raman spectrum with the Raman spectra of
PPX@HKUST-1 and PPX-Cl@HKUST-1, the characteristic
bands associated with Cu ions and carboxylate groups
appeared at the same positions with no spectral shifts. This
observation suggests that the polymers are not interacting with
the copper metal node and the template structure remains
intact. In the composite sample of parylene@HKUST-1, the
bands at 1175, 1322, and 1588 cm−1 are associated with the
PPX and PPX-Cl polymers. Raman bands around 1200 cm−1

originate from aliphatic (C−C) chain vibrations. The parylene
particles (PPX and PPX-Cl) exhibit strong Raman bands
(2800−3200 cm−1) that correspond to the vibrational
stretches of the C−H bond. The medium region at 1450
cm−1 is assigned to the C−C bond and the lowermost region at
800 cm−1 to the deformation vibration of the C−C bond. At
1609 cm−1, the C�C symmetric stretching of the benzene
ring is recognized; in the case of composites, this band is
slightly shifted and appeared at 1589 cm−1, which can be

Figure 4. Crystal shape and cross section of the parylene particles PPX and PPX-Cl before and after the FIB cuts.
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ascribed to the template effect.56 A similar trend of shifts in
frequency is observed for the PPX (1195 and 1334 cm−1) and
PPX-Cl bands (1208 and 1334 cm−1) in reference to the
corresponding spectra of PPX@HKUST-1 and PPX-Cl@
HKUST-1. In the parylene particles (PPX and PPX-Cl), the
bands associated with HKUST-1 completely disappeared,
confirming successful removal of the MOF template from
the composites after dissolution of the HKUST-1. ATR-IR
spectra agree with the Raman studies (Figure S2).

Furthermore, SEM−EDX and ToF-SIMS elemental map-
ping (Figures S3 and S7) show the absence of copper and
oxygen atoms as expected due to the removal of HKUST-1
from the PPX and PPX-Cl particles. On careful look on the
depth-integrated ToF-SIMS image (Figure S6), traces of
copper ions in some particles of PPX-Cl are observed. For
complete removal of copper ions, polymer@HKUST-1
composites were placed in the basic EDTA (pH 12) solution
for two weeks. In comparison to the PPX polymer, PPX-Cl
polymer particles need a longer time for removal of copper
ions. A tropylium cation (C7H7

+) fragment is observed in the
case of the PPX@HKUST-1 composite, indicating the
presence of the parylene polymer: ionization causes the
formation of benzyl fragments, which rearrange to the highly
stable tropylium cation. The presence of 65CuCl2− and CuCl2−

(Figure S5) in the depth-integrated images of the composite
PPX-Cl@HKUST-1 exhibits the correlation of copper (from
HKUST-1) and chlorine (from PPX-Cl) distribution. This
confirms the diffusion of PPX-Cl monomers inside the
HKUST-1 and formation of the MOF polymer composite
(PPX-Cl@HKUST-1) to the extent of around 100 nm in the
range of ToF-SIMS accessible depths.

To confirm the micrometer-scale penetration depth of the
parylene polymers within the MOF template and to verify its
modulation by the choice of monomer precursors, such as in
the case of PPX and PPX-Cl, FIB-SEM studies were
performed. The focused ion beam mills the sample surface
via a sputtering process. The stepwise gradual milling allows us
to get insight into the inner packing of particles, revealing
whether the particles are filled or hollow inside. Figure 4 shows
PPX and PPX-Cl parylene polymer particles before and after
the FIB cuts: the PPX cross section displays a solid core,

whereas in the case of PPX-Cl, hollow particles are observed.
This shows direct evidence that polymerization in the case of
PPX@MOF happens inside the HKUST-1 nanochannels over
the whole MOF, whereas for PPX-Cl@MOF, it proceeds
mostly on the exterior and polymerization inside the MOF
nanochannels is hindered.

Hampered polymerization inside the MOF nanochannels
therefore attained hollow structures, a consequence of the
squeezed octahedron morphology of the PPX-Cl particles.
Computational analysis (vide inf ra) of both PPX and PPX-Cl
polymer systems revealed differences in the diffusion of the
corresponding CVD monomers (depicted in Figure 1a) within
the MOF pores and consequently the probability of radical
polymerization inside the MOF pores. FIB-SEM observations,
together with the calculated diffusion energy barriers of the
monomers in HKUST-1, confirm different types of parylene
particles obtained in the CVD, even if the precursor PCP
molecules differ only with one atom substitution, i.e., Cl
instead of H. This reveals the high selectivity of the MOF
template and opens a new pathway toward predictive design of
new nanotemplated parylene particles.

In accordance with our findings on the precursor-modulated
solid and hollow parylene particles, significant differences in
the transcription of porosity via an MOF-templated approach
in the PPX and PPX-Cl polymers are plausible as well. To
evaluate the sorption behavior of both materials with
anticipated void spaces, we studied ethanol sorption by quartz
crystal microgravimetry using a quartz crystal microbalance
(QCM) (Figure 5a) and by rhodamine dye uptake (Figure
5b). The QCM measures the change in frequency (Δf); based
on the Sauerbrey equation, Δf is directly related to the change
in mass that gives insight into the loading capacity and is a
useful tool for organic vapor sorption with high sensitivity.57

For sorption of ethanol in the vapor state, a parylene particle
(PPX and PPX-Cl) suspension in ethanol was drop-casted on
the QCM gold sensor. Samples were dried and in situ activated
at 50 °C under N2 flow for 24 h. PPX and PPX-Cl drop-casted
samples and the reference (bare gold QCM sensor) were
assembled into three channels of the QCM device and
measured in parallel to assure real-time monitoring with the
additional advantage of consistency for comparative studies.

Figure 5. Vapor sorption and dye uptake study of templated PPX and PPX-Cl polymers. (a) Ethanol vapor uptake (QCM data) in templated
polymers PPX (black) and PPX-Cl (blue). The ethanol vapor uptake is presented as a function of time in three repeated cycles. (b) Digital
microscope images before and after the rhodamine dye uptake in parylene particles PPX and PPX-Cl.
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