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Design of Superhydrophobic Porous Coordination Polymers through
the Introduction of External Surface Corrugation by the Use of an
Aromatic Hydrocarbon Building Unit**
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Abstract: We demonstrate a new approach to superhydropho-
bic porous coordination polymers by incorporating an aniso-
tropic crystal morphology featuring a predominant surface that
is highly corrugated and terminated by aromatic hydrocarbon
moieties. The resulting low-energy surface provides particu-
larly promising hydrophobic properties without the need for
postsynthetic modifications or surface processing that would
block the porosity of the framework. Consequently, hydro-
phobic organic molecules and water vapor are able to penetrate
the surface and be densely accommodated within the pores,
whereas bulk water is repelled as a result of the exterior surface
corrugation derived from the aromatic surface groups. This
study provides a new strategy for the design and development
of superhydrophobic porous materials.

P orous coordination polymers (PCPs), or metal-organic
frameworks (MOFs), have emerged as potential materials for
a variety of applications, such as gas storage,!! separation,?
and catalysis.’! The ability to finely tune the physical and
chemical properties of the pores within these materials
represents a considerable advantage over other types of
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porous media, such as activated carbon materials and
zeolites.! For applications that require the performance of
the materials to be maintained in the presence of water vapor
or liquid water, careful consideration of the stability profile is
of importance, particularly if the material is to be recovered
and reused in later cycles. Whereas many materials reported
to date have limited direct applicability for real-world use
owing to their propensity for degradation upon exposure to
water,’”) materials which feature very strong metal-ligand
bonds that are not readily hydrolyzed or which contain
organic units bearing hydrophobic groups have been shown to
have enhanced stability in this regard.”! A related strategy of
particular interest for promoting greater stability in liquid
water would be to create a (super)hydrophobic external
surface that does not permit the entry of water into the pores.
This approach has been pursued predominantly by postsyn-
thetic strategies in which hydrophobic groups, such as alkyl
chains, are grafted to the surface of the PCP crystals following
synthesis. Although this strategy can be effective in excluding
water from the pores, the inherent porosity of the interior of
the crystals also becomes largely inaccessible as a result of the
steric bulk of the grafted groups. This effect is a crucial
disadvantage in applications requiring the retention of
porosity, such as the removal of organic compounds from
aqueous media or gas separation under humid conditions.
An alternative strategy for providing highly hydrophobic
exterior surfaces while retaining the internal porosity would
be the generation of surface roughness on the nano-to-
micrometer length scale. It is well-known that the texturing of
a solid surface can significantly increase its hydrophobicity
with respect to liquid water. For example, the contact angle of
a water droplet on a flat solid terminated by —CF; groups is
approximately 120°" whereas it reaches values as high as
160-175° following the introduction of fractal roughness® or
microtextures.”) The highest contact-angle values are
obtained when the roughened external surface is also a so-
called “low-energy surface” consisting of alkyl or fluoroalkyl
groups that interact very weakly with water and do not
promote the efficient spreading of water droplets on the
surface.®**" Thus, in the context of PCPs, compounds
featuring an anisotropic crystal morphology with a predom-
inant surface that is both highly corrugated and terminated by
aromatic hydrocarbon moieties, which would provide a low-
energy surface (but to a lesser extent than alkyl or fluoroalkyl
groups),'” are expected to provide a high level of hydro-
phobicity without the need for postsynthetic modifications or
surface processing of the type that would reduce (or
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completely block) the inherent poros-  a)
ity of the framework. Herein, we
report the synthesis and character-
ization of a PCP with external surface
design  (PESD), [Zn4(1s-OH),-
(BTMB),(DMF);(MeOH)]-(DMF),-
(MeOH) (PESD-1D>Guest; see defi-
nition of BTMB below), which pos-
sesses an aromatic terminating sur-
face that is highly corrugated on the
nanometer length scale. This feature
results in superhydrophobicity with-
out the use of bulky alkyl or fluori-
nated organic groups and thus ena-
bles full accessibility of the pores to
be preserved. Consequently, hydro-
phobic organic molecules are able to
infiltrate the surface and be densely
accommodated within the pores,
whereas bulk water is repelled as
a result of the exterior surface rough-
ness derived from the aromatic sur-
face. Such superhydrophobic materi-
als could be suitable for a variety of
technological applications,!"! such as
coatings, paints, roof tiles, and fabrics.

The design of new PCPs requires
careful initial selection of the organic
bridging unit owing to its significant
influence over the chemical and structural properties of the
resultant network. Low-symmetry linkers™? with a molecular
diameter on the order of approximately 1-2nm are of
particular interest owing to their potential for forming
highly anisotropic networks that have dominant crystal
planes featuring a large contribution of organic surfaces
with nanoscale periodicity. Smaller organic units frequently
form networks featuring periodicities that are on the order of
several angstroms (< 1nm), which would result in surface
corrugations that are constructed by phenyl moieties and are
fine enough to greatly impact the contact surface with liquid
water. As such, 1,3,5-tris(3-carboxyphenyl)benzene!"!
(H;BTMB, Figure 1a; see also Figure S1) is an ideal candi-
date owing to its low symmetry and molecular size. We
therefore screened its reactivity with a variety of transition-
metal ions.

A reaction of H;BTMB with Zn(NO;),4H,0O in the
solvent mixture DMF/MeOH/H,O (2:1:1) at 100°C resulted
in colorless, block-shaped crystals (Scheme 1).1 Single-
crystal X-ray analysis of the solvated framework (PESD-
1DGuest; Figure 1b—e; see also Table S1 and Figures S2 and
S7 in the Supporting Information) subsequently revealed
a two-dimensional layered structure (Figure 1c¢) possessing
two types of 1D channels along the b axis. Each of the
individual layers comprise thombus-shaped [Zn,(ps;-OH),]*
tetranuclear clusters'™ that are mutually connected through
the BTMB®" ligands to form an (8,6) net. As shown in
Figure 1b, the [Zn,(n;-OH),]*" clusters each comprise two
octahedral and two tetrahedral Zn>" ions, and two p;-hydroxy
moieties (OH™) that are located within three-atom mean
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Figure 1. X-ray single-crystal structures showing a) 1,3,5-tris(3-carboxyphenyl)benzene (H;BTMB,
from “benzene-1,3,5-tris (m-benzoic acid)”), b) the coordination environment around a single
[Zn,(u5-OH),]*" cluster, c) views of a 2D layer consisting of the clusters shown in (b) linked by
BMTB®~ linkers, d) the 3D stacking of individual 2D layers, and e) the structure of the (0k0)
surface, which affords a low-energy surface. Hydrogen atoms and solvent molecules have been
omitted for clarity in many structures.

Zn(NO3),"4H,0
PESD-1oGuest

DMF/MeOH/H,0O
100 °C, 48 h

H,BTMB

Scheme 1. Synthesis of PESD-1DGuest. DMF = N,N-dimethylform-
amide.

planes formed by the metal centers. The octahedral Zn*"
centers are bound to oxygen donors of three different
carboxylate groups, both OH™ fragments, and a solvent
molecule, whereas the tetrahedral Zn>* centers are coordi-
nated by oxygen atoms of three carboxylate groups and just
one of the OH™ groups. Although the individual layers are
relatively dense, the voids formed between layers are large
enough to accommodate guest molecules. Indeed, CO,-
adsorption experiments performed at 195 K (see Figure S15)
revealed a type-I isotherm, which is characteristic of a micro-
porous solid with permanent porosity.’® The Brunauer—
Emmett-Teller (BET) surface area evaluated from the CO,-
adsorption data is 295 m*g !, and the Langmuir surface area
was calculated to be 570 m*g ™', thus indicating that PESD-
1 has modest porosity available for guest inclusion.

The highly anisotropic morphology of the single crystals
of PESD-1>Guest enabled face indexing to be performed
and thus elucidation of the structural and chemical nature of
the surface of the crystals. Face-index measurement identified
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Figure 2. XRPD patterns of PESD-1DGuest: a) simulated pattern;
b) powder; c) single crystal (flake shape).

the most dominant surface at the crystal surface as the (010)
surface (Figure 1e), in close agreement with X-ray powder-
diffraction data collected on (flake-shaped) single crystals of
PESD-1, which exhibited a strong preferential orientation
along the [0k0] direction (Figure2). Calculation of the
Bravais-Friedel-Donnay-Harker (BFDH) crystal morphol-
ogy on single-crystal X-ray data of PESD-1DGuest (see
Figure S2b) indicated that the (010) surface possesses nano-
scaled corrugation (with a periodicity of 1.2 x 1.1 nm?in the ac
plane) arising from the aromatic portions of the BMTB?*"
linker (Figure 1¢).'”) To obtain information about the nano-
to-micrometer-scale roughness of the (010) surface, we
carried out atomic force microscopy (AFM) and field-
emission scanning electron microscopy (FESEM). Both the
AFM (Figure 3) and the FESEM (see Figure S12) images
revealed that the (010) surface is flat over the nano-to-
micrometer length scale. Thus, no roughness in the range of
several nanometers to several micrometers was observed,
although roughness beyond several hundred micrometers was
observed (see below).

To examine its hydrophobic properties, we carried out
contact-angle measurements on four different states of the

(b) Powder
(as-synthesized)

(a) Single crystal
(as-synthesized)

«— “(010)surface”
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Figure 3. a) AFM image of the (010) surface of PESD-1D>Guest.

b) Averaged topographic profile of the portion of the surface enclosed
within the dotted lines in (a). The AFM topographic image of the (010)
surface exhibits terrace structures with widths in the range of 100
400 nm. The stepped structure displays discrete displacements of
approximately 1.5 nm per step, which corresponds to the length of the
b axis (1.41 nm), and reveals the flat nature of the (010) surface at the
nanoscale (as observed previously for other PCPs/MOFs!")).

material: single crystals, as-synthesized powders, degassed
powders, and a pressed pellet (Figure 4 and Table 1; see also
Figures S11 and S13). For the (flake-shaped) single-crystal
form of PESD-1>Guest, the contact angle was observed to be
more than 150°, and the roll-off angle was less than 10°, which
is characteristic of a superhydrophobic solid (Figure 4a). We
also studied the effect of the presence of the guest on the
hydrophobicity by performing contact-angle experiments on
both as-synthesized powders of PESD-1>Guest and degassed
powders of PESD-1. Both powders also displayed super-

(d) Pellet disk
(degassed)

(c) Powder
(degassed)

<10 pum (pressed)

Figure 4. Schematic representation of PESD-1 in four states, and pictures of a water droplet on corresponding PESD-1 samples. Pink objects are

as-synthesized forms, and green objects are degassed forms.
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Table 1: Contact angle for several states of PESD-1 and other PCPs/MOFs.

PCP/MOF Surface modification Form investigated As-synthesized (A)  Contact Ref.
Type Structure of organic linker or degassed (D) angle [°]
PESD-1 aromatic ring coo™ single crystal A > 1501
O powder A > 1500
powder D > 1508
B pellet disk (5 MPa) D ca. 110
ooc ! !
coo
(:oo_H
N
MIL-53 (Al)-AM4 alkyl chain (C,) Tol/\/\ powder - > 150" [6€]
(ele)
coo,
NM
MIL-53(Al)-AM6 alkyl chain (Cy) 5 powder - > 150" [6€]
Ccoo
N
SIM-2(C12)/ALO;  alkyl chain (C;y) QJL&N film on Al,O, support - > 1501 [6h]
R FR F
MOFF-1 fluorinated OOCCOO pressed crystals D 108+29  [6b]
aromatic ring
F FF F
R FFR F N
MOFF-2 fluorinated OOCCOO ) pressed crystals D 151419 [6b]
aromatic ring N
F FF F
FFFR F
fluorinated NN NN “
MOFF-3 aromatic ring N:NN"N pressed crystals D 13542 [6b]
F FF F

[a] As for conventional superhydrophobic nanomaterials and thin films, it is difficult to make hard and flat surfaces in the case of powder samples of
PCPs/MOFs. The contact angle of the PESD-1 powder sample shown in Figure 4 is estimated to be 152°. [b] Water droplets were observed to rapidly
roll off of the surface of the material. [c] The contact angle was judged from the picture in Ref. [6h]. [d] The material was dried in a vacuum oven

(120°C, 24 h). [e] The material was dried with supercritical CO,.

hydrophobicity (Figure 4b,c), thus indicating that this prop-
erty of PESD-1 is not affected by the presence of solvent
within the pores. These results clearly indicate that the (010)
surface of PESD-1DGuest exhibits superhydrophobicity
without the grafting of hydrophobic alkyl chains to the
surfacel® or the use of a fluorinated aromatic ligand,!
presumably because the surface corrugation of the (010)
surface remains unchanged between the as-synthesized and
degassed forms, as evidenced by the single-crystal structures
of the two forms (Figure 1c and Figure S3c). As shown by
FESEM (see Figure S12), the crystal size of both the as-
synthesized and evacuated forms is in the range of 100-
300 um, which is a size range in which an additional level of
corrugation exists over longer length scales (of a few hundred
micrometers) in the powder phase. Thus, the powder states
also exhibit superhydrophobicity in spite of nonoriented
crystal surfaces. Thus, the (010) surface corrugation, as
elucidated by single-crystal analysis, intrinsically plays a key
role in the superhydrophobicity of the material. This effect is
accompanied by a contribution from microscaled roughness,
as observed by FESEM experiments, thus leading to a hier-
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archical structure that exhibits superhydrophobicity.'¥! In the
case of the pressed pellet form, the contact angle measured
was decreased as a result of the significantly smoother surface
owing to the compressive force of 5 MPa (Figure 4d). The fact
that the application of pressure, and hence a decrease in the
level of microscaled roughness, is of detriment to the hydro-
phobicity (contact angle: ca. 110°) provides further evidence
that the hierarchical structure in the powder phase is
responsible for the superhydrophobicity.

All PCPs bearing grafted aromatic ligands with alkyl
chains (MIL-53(Al)-AM4, MIL-53(Al)-AM6, and SIM-2-
(C12)) exhibit a contact angle of over 150° as a result of the
presence of surface roughness and low-energy surfaces
(Table 1). On the other hand, among PCPs that possess
fluorinated aromatic ligands, only MOFF-2 exhibits super-
hydrophobicity, with a contact angle of approximately (151 &
1)°, and the other members of the series, MOFF-1 and
MOFF-3, are hydrophobic materials with contact angles of
(108 +2) and (135 £2)°, respectively. As compared to these
hydrophobic and superhydrophobic PCPs prepared by the
grafting of alkyl groups or the use of fluorinated aromatic

Angew. Chem. Int. Ed. 2014, 53, 8225-8230
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ligands, PESD-1 is distinctive in possessing superhydropho-
bicity derived from nanoscaled corrugation introduced by the
use of an aromatic hydrocarbon bridging unit. To our
knowledge, superhydrophobicity has not been achieved
previously by the fusion of a low-energy surface with nano-
scaled corrugation due to an aromatic hydrocarbon ligand
without the use of bulky alkyl or fluoroalkyl groups.

The superhydrophobic PCPs reported to date exhibit very
low water-vapor-adsorption capacities at high relative humid-
ities. Water-adsorption-isotherm experiments on PESD-1 at
298 K (see Figure S16) showed unusual adsorption behavior,
with two steps at 0.27 and 2.3 kPa in the adsorption isotherm
and (in contrast to other superhydrophobic PCPs) no steps in
the desorption isotherm. The isotherm clearly indicates that
interior pore surfaces are in fact hydrophilic and that only the
exterior crystal surface of PESD-1 exhibits superhydropho-
bicity toward liquid water (similar to a lotus leafl*”)). This
phenomenon further supports the hypothesis that the super-
hydrophobicity of PESD-1 originates from surface structural
roughness rather than from chemical features of the surface.
To understand the structural flexibility during the adsorption,
we carried out in situ water-isotherm—XRPD measurements
on PESD-1 (see Figure S17), because 2D layered PCPs often
show flexibility during sorption processes. The isotherm—
XRPD patterns clearly indicated that PESD-1 is flexible. A
small diffraction from the 010 Bragg position observed at
a pressure of 0.20 kPa in the water-isotherm—XRPD pattern is
similar to the peak observed for a degassed sample in an open
atmosphere (see Figure S17).

We also investigated the sorption ability of PESD-1 for
six-membered-ring organic solvents. Sorption isotherms were
measured for benzene, toluene, and cyclohexane at 298 K
(Figure 5). The adsorption isotherms for benzene and toluene
showed a gate-opening profile, whereas cyclohexane was
excluded from the pores. These results indicated size selec-
tivity of PESD-1 toward guest molecules, but also the
flexibility of the framework.”™ The experiments clearly
demonstrate that PESD-1 can accommodate a variety of
aromatic solvents. By taking advantage of the superhydro-
phobic surfaces in the powder state (or hydrophobic surfaces
in the pellet-disk form) of PESD-1, while retaining the

A/ ml(STP) g '
H (=2}
o o
7 .
[ ]
L ]

N
(=]
T

o}

0 JmBAAAAAAAMAAm‘

0o 2 4 6 8 10 12
pressure / kPa

Figure 5. Adsorption isotherms of PESD-1 recorded for benzene (cir-
cles), toluene (squares), and cyclohexane (triangles) at 298 K. Filled
and open symbols represent adsorption and desorption data, respec-
tively.
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porosity of the parent framework, we carried out the experi-
ments to demonstrate the removal of organic solvents from
a water surface. A pellet of PESD-1 was placed within
a mixture consisting of an organic solvent and water.
Remarkably, owing to its superhydrophobicity, the pellet
floated on the water surface without breakage, and conse-
quently selectively removed the organic solvent from the
water (see Figure S19 and movie file 1 in the Supporting
Information). The powder, which is intrinsically water-
repellent (see Figure S23), also selectively adsorbed organic
solvents without decomposing, despite its immersion in liquid
water (see the Supporting Information for details and
movies), thus further reinforcing the utility of the material.

In conclusion, we have successfully synthesized a new
PCP with superhydrophobic surfaces as a result of nanoscaled
corrugation of a predominantly organic surface at the crystal
interface, without the use of alkylation or fluorination. The
material adsorbs water vapor despite its superhydrophobicity,
whereas its ability to repel liquid water enables this PCP to
adsorb organic solvents dispersed on bulk water without
decomposition of the framework. These results provide
a roadmap for the design and synthesis of novel porous
materials with superhydrophobic surfaces on the basis of
external surface design at the nanoscale.
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