Inorganic Chemistry

pubs.acs.org/IC

A Dense 1'0° Hybrid Superhydrophobic Network, Pb(H-BTMB),
Exhibits Selectivity toward CO, Gas Sorption

Koya Prabhakara Rao,* " Yerraguntla Katyayani Devi,” Jettiboina Suryachandram,%

Rayavarapu Prasada Rao,” and J. N. Behera®

"New Generation Materials Lab (NGML), Department of Science and Humanities, Vignan’s Foundation for Science Technology and
Research (VFSTR) University, Vadlamudi, Guntur 522213, Andhra Pradesh, India

iDepartment of Materials Science and Engineering, National University of Singapore (NUS), Singapore 117575, Singapore
¥School of Chemical Sciences, National Institute of Science Education and Research (NISER), Bhubaneswar 752050, Odisha, India

© Supporting Information

ABSTRACT: We achieved a dense I'O® hybrid superhydrophobic
porous coordination polymer (PCP), [Pb(H-BTMB)(DMF)] (1),
by solvothermal methods. The single-crystal XRD structure of 1
indicated that it has a three-dimensional M—L—M framework with
one-dimensional M—O—M connectivity leading to an I'O’
network. The new PCP obtained exhibited open metal sites
(OMSs) by losing a coordinated DMF molecule. The degassed
phase displayed selective adsorption of CO, gas over N,, C,Hy, and
C,H, gases. Additionally, it has a superhydrophobic surface with a
contact angle of 156.4° at room temperature and it is stable even at

90 °C, displaying a contact angle of 135.3°.
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Bl INTRODUCTION

Porous coordination polymers (PCPs), which are also known
as metal—organic frameworks (MOFs), are an emerging class of
porous solids'~* in recent years. These interesting solids can be
synthesized by joining the inorganic structural building
components (nodes) with organic ligands (linkers). The
organic linkers can be tailored with a variety of coordinating
functional groups such as carboxylate’ (R—COQ™), phospho-
nate” (R—PO5;?7), sulfonate’ (R—SO5;~) and other organic halo
ligalnds4 (R—X) through organic synthesis. Recent studies™®
have demonstrated that PCPs with the aforementioned
permutation of variety in design ability and structural diversity
led to extensive development in their applications to gas
storage/separation, catalysis, etc.

It is well-known that the structural dimensionality of PCPs/
MOFs plays a substantial role in dictating their properties and
applications. The structural dimensionality of PCPs/MOFs can
be classified” on the basis of their inorganic metal—oxygen—
metal (M—O—M) bonds and organic metal—ligand—metal
(M—L—M) framework. PCPs/MOFs can exhibit I"O" (n, m =
0—3) network topology, where “I” refers to the dimensionality
of the inorganic M—O connectivity and “O” refers to the M—L
connectivity of the organic moiety. The archetypal framework
PCP/MOFs, such as the [Zn,O(L),] family,® can be classified
as having an I°03 framework. In these types of PCP/MOFs, no
extended inorganic M—O—M bonds are present, whereas
organic ligands link isolated metal centers or metal clusters in
all three dimensions of the crystal structures. In fact, the
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inorganic connectivity affords higher dimensionality (I'O",
20", and I’O") to the frameworks, which are postulated to
have greater thermal, chemical, and magnetic properties.” The
majority of PCP/MOFs reported in the literature are of I°0°
framework type, in which the metal ions coordinated to solvent
molecules in pristine form are unstable after removing the guest
molecules.'” Higher dimensionalities in exclusively either
inorganic connectivity (1'0°% I*0°% and IPO°) or organic
connectivity (I°0!, 1°0% and I°0O%) have been commonly
reported. However, the synthesis of porous frameworks having
higher dimensionality in both inorganic and organic con-
nectivity in a single framework such as I'0'™% T*0'~3, and
1’0" is still a significant challenge.” Especially I*O% I*O? and
IPO® type frameworks are difficult to synthesize and are rather
scarce.

In our present study, we focused on higher dimensionality in
both inorganic (M—O—M bonds) and organic connectivity
(M—L—M links) framework with I"O™ type porous solids.
PCPs having better thermal and chemical stability with open
metal sites (OMSs) for selective gas storage/separation and
catalysis are the main objectives of our study.”>*'** Recently,
we have reported'" the first superhydrophobic PCP, PESD—1,
with strong OMSs, containing a Zn(II) metal ion and an
asymmetric ligand, benzene-1,3,5-tris(m-benzoic acid)
(H;BTMB). Now we focus on other transition elements and
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post-transition elements such as Pb*" due to their inert pair
effect.

Herein, we report a new dense I'O® framework, [Pb(H-
BTMB)(DMEF)] (1), with three-dimensional M—L—M con-
nectivity and one-dimensional M—O—M bonds, which displays
selectivity toward CO, adsorption. We also report the
superhydrophobic properties of this new PCP with temper-
ature-dependent contact angle measurements.

B EXPERIMENTAL SECTION

Synthesis of [Pb(H-BTMB)(DMF)] (1). A solid mixture of
H,BTMB'> (11 mg, 0.025 mmol), benzoic acid (12.21 mg, 0.1
mmol), and Pb(NO;), (15.16 mg, 0.038 mmol) was dissolved in a
DMF/MeOH/H,0 mixture (0.5/0.25/0.25 mL) in a 2 mL glass vial
(Scheme 1). Benzoic acid was used to lower the nucleation of crystal

Scheme 1. Synthesis of [Pb(H-BTMB)(DMF)] Using
Solvothermal Conditions
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growth in order to achieve a better quality of the single crystals. A 20
UL portion of NaOH (0.01 M) was added as a deprotonating agent,
and the initial pH was ~6.0. The whole reaction mixture was heated in
a temperature-controllable oven from room temperature to 100 °C,
over a period of 4 h, and then at 100 °C for 48 h. The oven was cooled
from 100 °C to room temperature naturally. The product contains
homogeneous colorless block-shaped crystals, which were isolated by
washing with MeOH and drying in air. Yield: 13.7 mg, 83% based on
H,;BTMB (Scheme 1). Anal. Caled for [Pb(H-BTMB)(DMF)]
(=C4H,;NO,Pb): C, 50.27; H, 3.23; N, 1.95. Found: C, 50.18; H,
3.19; N, 191. FT-IR (4000—400 cm™'): 3750 (w), 3055 (w),
1647(w), 1586 (w), 1523 (vs), 1457(w), 1408 (m), 1368 (vs), 1275
(m), 1240 (m), 1162 (w), 913 (m), 866 (m), 808 (s), 759 (vs), 680
(vs), 619 (m), 520 (m), 416 (s).

General Characterization Techniques. Thermogravimetric
analysis was carried out using a Rigaku TG8120 instrument under
flowing nitrogen with a 10 K min™' ramp rate. Powder X-ray
diffraction (PXRD) was obtained using a Rigaku RINT powder
diffractometer with Cu Ka radiation. Gas adsorption isotherms were
obtained using a Belsorp Mini volumetric adsorption instrument (BEL
JAPAN Inc.). FTIR spectra were recorded at 298 K with a Cary 639
FTIR instrument with Diamond ATR (Agilent Technologies, USA).

Temperature-Dependent PXRD. The temperature-dependent
PXRD measurements were carried out using Cu Ka radiation on a
PANalytical X'Pert PRO X-ray diffractometer in the 260 range of 5—40°
with a nominal scan rate of 120 s step™" and a step size of 0.016° from
room temperature to 300 °C. The powder sample was pressed into a 6
mm pellet and mounted on an amorphous silicon substrate to avoid
background peaks.

Contact Angle Measurements. Contact angles were measured
on powder samples using a HOLMARC contact angle meter with
rotatable substrate holder, automated dispenser, and temperature
control (Model No. HO-IAD-CAM-01B, Holmarc Opto-Mechtronics
Ltd, India). The powder samples (~20 mg) were spread on an
aluminum substrate bed and pressed with the help of a glass slide to
make a flat surface. On the pressed powder samples, a 20 uL water
droplet was released slowly by using an automated 100 yL dispenser.
The droplet image was recorded with a high-performance CCD
sensor. Drop Snake analysis which is based on B-spline snake to shape
the drop was used to analyze the contact angles. Similarly, high-

temperature contact angles were measured at room temperature to 90
°C with 10 °C step intervals by heating the substrate bed with a
controller. At high temperature, the contact angles were measured
quickly (~S min) after dropping the water droplet on the surface of
the powder sample due to water evaporation phenomena.

B RESULTS AND DISCUSSION

Structural Description of 1. Single-crystal XRD analysis of
1 reveals that it crystallizes in the space group Pccn (No. 56)
(Table S1 in the Supporting Information). The asymmetric
unit contains one crystallographically distinct Pb** ion, one
HBTMB*" ligand moiety, and one coordinated DMF solvent
molecule (Figures 1 and 2). The crystal structure of 1 has
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(a)

Figure 1. Single-crystal X-ray structures of [Pb(H-BMTB)(DMF)]:
(a) ORTEP diagram (50% probability; solvent DMF molecule omitted
for clarity); (b) connectivity nodes of three carboxylate (COO™)
moieties with the Pb** ion; (c) coordination geometry of the Pb** ion
with five different (H-BMTB)*™ ions and a solvent DMF molecule.

three-dimensional (M—L—M framework) organic connectivity
with one-dimensional inorganic connectivity (M—O—M) to
lead to the I'O? framework. Each Pb*" ion is eight-coordinated
to seven oxygen atoms (O(2), O(2)’, O(4), O(4)’, O(1),
0(3), O(5)) of five different HBTMB?~ ligand moieties. Each
Pb** ion is connected to an adjacent Pb** ion by edge sharing
of 0(2)—0(4) of two different HBTMB?™ moieties to form a
PbO, chain along the ¢ axis (Figure 2). The Pb—O bond
distances vary from 2.456 to 2.942 A, with the longest bond
being from the Pb** ion to the coordinated DMF solvent. Each
Pb** ion is coordinated to one DMF molecule in pristine form,
which can be an open metal site (OMS) available for guest
interaction after removing the solvent molecule. Each crystallo-
graphically distinct HBTMB?™ moiety has three carboxylate
moieties connected to Pb** ions through only five oxygen
atoms (O(1)—0(S)); the sixth oxygen atom O(6) is not
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Figure 2. Single-crystal X-ray structures of [Pb(H-BMTB)(DMF)]:
(top) PbO, one-dimensional chain; (bottom) three-dimensional
packing diagram, viewed along the ¢ axis. Color scheme: green,
carbon; red, oxygen; dark gray, lead.

coordinated to the Pb** ion. Out of five coordinated oxygen
atoms, the two oxygen atoms O(4) and O(2) have u;
connectivity'® and the remaining three oxygen atoms O(1),
0(3), and O(S) have p, connectivity'” (Figure 1).

Powder X-ray Diffraction (PXRD) and Thermogravi-
metric Analysis (TGA). The PXRD pattern (Figure S1 in the
Supporting Information) of 1 is in reasonable agreement with
the simulated pattern on the basis of the single-crystal data,
indicating that the samples produced were phase pure. Upon
degassing of 1 at 275 °C, the PXRD pattern indicated that it is
crystalline and similar to that of the parent 1. As a result, we
could conclude that 1 is stable even after removing the
coordinated DMF molecule. Thermogravimetric analysis
(TGA) of 1 at 723 K shows a four-step isotherm (Figure S2
in the Supporting Information). The first step observed at
~300 °C is due to the loss of a coordinated DMF solvent
molecule. The framework is stable up to ~350 °C, and after
that it starts to undergo decomposition. On the basis of TGA
analysis, the coordinated DMF molecule can be removed at
around 300 °C; heating the PCPs/MOFs under these extreme
conditions may lead to collapse of the structure. In this context,
in the parent sample of 1, the coordinated DMF was exchanged
with methanol by soaking for 3 days with changes of the fresh
methanol solvent twice a day. The methanol-exchanged sample
of 1 was activated at 275 °C (indicated by TGA, Figure S2);
this temperature was used for all characterization measure-
ments, including adsorption studies and contact angle measure-
ments. The stability of the [Pb(H-BMTB)(DMF)] framework
was also confirmed by temperature-dependent PXRD data
measured on powder samples from room temperature to 300
°C (Figure 3). The PXRD pattern is shown in Figure 3,
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Figure 3. PXRD pattern of [Pb(H-BMTB)(DMF)] in the 20 range of
5—40° from room temperature to 300 °C (note: a broad peak between
6 and 8° of 20 is due to an instrument background peak).

showing that the framework could be stable up to 300 °C, in
agreement with TGA data. Moreover, all of the major peaks
could be indexed on the basis of the single-crystal data of 1
(Figure 3 and Figure S1).

Gas Adsorption Studies. The porosity of 1 was estimated
to be 11% using PLATON software. To test the porous nature
of this present PCP, attempts were made to measure the gas
adsorption properties of the methanol-exchanged sample
activated at 275 °C. Adsorption measurements of nitrogen
gas performed on Pb(H-BTMB) powder samples at 77 K
revealed that it does not take up any nitrogen, probably due to
micropore size or blocking effects at such a low temperature
(Figure 4). The Brunauer— Emmett—Teller (BET) surface area
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Figure 4. Adsorption isotherms of Pb(H-BTMB) for CO, (red), C,H,
(brown), and C,Hg (blue) at 195 K and for N, (black) at 77 K. Filled
and open symbols are adsorption and desorption data, respectively.

evaluated from the CO, adsorption data 195 K is 155 m* g7/,
thus indicating that Pb(H-BTMB) has microporosity available
for guest inclusion. The adsorption measurements for C,Hg
and C,H, at 195 K on Pb(H-BTMB) powder samples showed
that the compound cannot take up these two gases (Figure 4).
Similar adsorption measurements for CO,, C,Hy, and C,H, at
273 and 298 K on Pb(H-BTMB) powder samples (Figures S3—
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SS in the Supporting Information) also specified that 1 cannot
take up C,Hg and C,H, gases owing to the large kinetic
diameter (CO,, 3.3 A; C,Hg and C,H,, 3.9 A). The CO,
adsorption on 1 at the three temperatures 195, 273, and 298 K
are 55, 21, and 14 mL (STP) g~', respectively (Figure SS).
From the above adsorption measurements, we conclude that
Pb(H-BTMB) can selectively take up CO, from C,Hy and
C,H, gases.

Superhydrophobicity and Temperature Dependence
Study. To examine the hydrophobic or hydrophilic properties
of 1, contact angle measurements were performed on as-
synthesized and degassed powder samples, separately. The
contact angles 156.4 and 155.3° were observed on as-
synthesized and degassed powder samples of 1, respectively,
with a roll-off angle of less than 10° (Figure S and Figures S6

(b) (c)

Figure S. Picture showing a drop of water placed on (a) a powder
sample of the H;BTMB ligand and (b) a powder sample of [Pb(H-
BTMB)(DMF)]. (c) Contact angle measured at room temperature on
a powder sample of [Pb(H-BTMB)(DMF)].

and S7 in the Supporting Information), which is characteristic
of a superhydrophobic solid (self-cleaning or Lotus behavior)."*
Our previously reported'' superhydrophobic PCP PESD—1,
achieved with the same H;BTMB ligand, displayed similar
contact angles. In fact, the crystal structure of PESD—1 is a
layered with low-density hydrocarbon moieties exposed to the
surface.'" In contrast to PESD—1, [Pb(H-BTMB)(DMEF)],
having a dense I'O® hybrid framework with three-dimensional
structure, has also been shown to have a superhydrophobic
surface even in the degassed state (Figure Sc). This result
clearly indicated that the H;BTMB ligand with an unsym-
metrical coordinating functional group (—COOH) at the meta
position could be the main reason for the presence of a
superhydrophobic surface, though PESD—1'" and 1 have
different crystal structures. On the other hand, similar chemical
formulas of H;BTB ligands forming archetypal framework
PCP/MOFs, such as the [Zn,O(L),] family® and others,"** are
hygroscopic. In this context, we carried out similar contact
angle measurements on the powder samples of the H;BTMB
ligand itself, to understand more precisely the hydrophobic or
hydrophilic properties. Surprisingly, a water droplet does not
stay on the surface but is absorbed by the H;BTMB ligand
powder sample (Figure Sa). These results clearly indicated that

the organic H;BTMB ligand is hydrophilic and when it is
coordinated to metal ions (Pb**) it converts to a super-
hydrophobic surface (Figure S). Indeed, the H;BTMB ligand
with an unsymmetrical coordinating functional group
(—COOH at the meta position) approaches superhydrophobic
surfaces. This phenomenon can also be understood by
observing the packing arrangements of H;BTMB ligand
molecules in solid crystalline form. H;BTMB molecules are
arranged in a fashion such that the hydrocarbon surface is not
oriented in any crystallographic direction (see Figure S9 in the
Supporting Information for the X-ray crystal structure of
H;BTMB ligand showing the possible short contacts and
hydrogen bonds). Furthermore, this molecular arrangement
might lead to strong hydrogen bonds between water molecules
and the carboxylic (—COOH) moiety of the H;BTMB ligand,
which might be the reason for the hydrophilic nature of the
solid. As expected, the preferential orientation of PXRD in 1
along the (HKO) direction due to inorganic PbO; chains and
more hydrocarbon surfaces dominating along the ¢ axis (Figure
S10) is open for a guest interactive site (water), which could
lead to the hydrophobic surface in 1. Superhydrophobic PCPs
reported earlier,'* including our report,'" are precisely low-
density hydrocarbon-rich compounds. The title PCP has a
dense I'O? hybrid framework, which exhibits a super-
hydrophobic surface even in the degassed state.

To understand this peculiar hydrophobic behavior and its
temperature-dependent hydrophobicity, we carried out similar
contact angle measurements on the powder sample of 1, at
room temperature to 90 °C, at 10 °C temperature intervals
(Figures S6 and S7 in the Supporting Information). After the
water droplet is dropped on the powder samples, the water will
exist as in the form of a droplet as long as water does not
evaporate from the surface, which shows that the hydrophobic
nature survives for longer periods. However, the contact angles
slightly decreased from 156.4° (at room temperature) to 135.3°
(at 90 °C) (Figure S and Figures S6—S8 in the Supporting
Information). Nevertheless, the surface converted from super-
hydrophobic (i.e, >150°) at room temperature to hydrophobic,
with a contact angle still as high as 135.3° (at 90 °C). A plot of
contact angles vs temperature (Figure S8) indicated that the
contact angle decreased almost linearly with negative slope.
The slight decrease in contact angle could be due to the fact
that at high temperature water vapor started condensing, which
reduces the roughness of the surface similar to that of a lotus
leaf.'> Moreover, at high temperature water penetrates through
the surface better than at low temperature, leading to low
contact angles. In fact, most of the superhydrophobic PCPs
could not retain the hydrophobic surface at high temperature,
including lotus leaf."® To the best of our knowledge, this is the
first example accomplishing superhydrophobicity in a dense
I'0® hybrid framework without any surface modifications'**
even at high temperature.

B CONCLUSION

In conclusion, we achieved a new dense I'O® hybrid
superhydrophobic PCP, 1, by solvothermal methods. The
new PCP obtained has a three-dimensional structure with one-
dimensional M—O—M bonds by creating an I'O® network.
Moreover, in the pristine form of 1, the coordinated DMF
solvent molecule was lost upon degassing, exhibiting OMS with
a stable framework. The degassed phase displayed selective
adsorption of CO, gas over N,, C,Hy, and C,H, gases. PCPs
with an I'O® network exhibiting OMS with a thermally stable

DOI: 10.1021/acs.inorgchem.7b01551
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01551/suppl_file/ic7b01551_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b01551

Inorganic Chemistry

framework are rather scarce. In addition, 1 has a super-
hydrophobic surface, which is stable even under high-
temperature conditions. To the best of our knowledge, this is
the first PCP achieving superhydrophobicity with a dense I'O?
hybrid network together in a single PCP framework without
any surface modifications. This study provides a road map for
the design and synthesis of dense porous materials having
better thermal and chemical stability with OMSs for better gas
interactions, which have a promising role in gas separation and
catalysis.
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