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We developed a facile route for synthesizing Cu-BDC frameworks using metallic copper as a metal ion
source. A thin film of copper was vacuum deposited onto a quartz crystal microresonator (QCM) and
converted to Cu-BDC frameworks via a solvothermal reaction. The initially superhydrophilic Cu-BDC
surface became superhydrophobic upon being treated with octadecyltrichlorosilane (ODTS). Exposure of
the Cu-BDC-coated quartz crystal microresonator (CuBDC-QCM) to various concentrations of
n-hexane vapor induced changes in the resonance frequency and Q factor of the resonator that were
related to the adsorbed mass of n-hexane and the modulus of the Cu-BDC layer, respectively. The mass
of n-hexane vapor adsorbed on the superhydrophobic Cu-BDC layer was found to be three times that
layer. the adsorption of n-hexane on the
superhydrophobic Cu-BDC layer induced an increase in the modulus of the framework whereas the

on the superhydrophilic Cu-BDC Furthermore,
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adsorption on the superhydrophilic layer induced a decrease in the modulus of the framework. These

DOI: 10.1039/c5ra11686d opposite changes were attributed to differences in the binding sites of n-hexane vapor inside the

www.rsc.org/advances framework.

Introduction

Metal-organic frameworks (MOFs) are organic-inorganic
hybrid crystalline materials containing central metal ions
linked by organic ligands. MOFs have attracted much attention
due to their wide range of potential applications such as gas
storage,' gas separation,” catalysts,® and chemical sensors.*
MOFs are generally synthesized by a solvothermal reaction
method: metal ions and organic linkers are dissolved in organic
solvents and heated in an autoclave to produce the MOFs.
Although it is straightforward to produce crystalline MOF
granules in quantity by using the solvothermal reaction
method, it is not easy to fabricate a thin film of MOFs on solid
substrates to endow conventional surfaces with novel functions.
Liquid phase epitaxy methods may be used to grow MOF films
on solid substrates but the synthesis process is time consuming
and labor intensive.>®
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f Electronic supplementary information (ESI) available: TGA data of Cu-BDC
powders synthesized using the conventional method and Cu-BDC powders
obtained from CuBDC-Si, a schematic diagram of instrument set-up, side-view
SEM images of Cu-BDC layers grown on silicon wafers using different
concentrations of BDC, and variations in the normalized resonance frequency
of superhydrophilic CuBDC-QCM, superhydrophobic CuBDC-QCM and PS-QCM
during the adsorption and desorption of 40% n-hexane vapor are included. See
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This problem may be overcome by patterning a thin film of
metal or metal oxide on a substrate and by using this film as the
metal ion source to produce MOFs. Specifically, the dissolution
of a metal film or a metal ion film produces metal ions, which
are coordinated by organic linkers under solvothermal reaction
conditions to produce the MOF.”"® However, it is quite chal-
lenging to characterize the gas adsorption properties of the
MOF thin films because conventional methods, which measure
changes in pressure or electrical properties during gas adsorp-
tion, cannot be used here due to the insufficient amount of
sample or the nonconductive nature of MOF films."*'® In
contrast to the conventional methods, nanomechanical gravi-
metric sensors such as microcantilevers and quartz crystal
microresonators (QCMs) are sensitive to changes in mass,
especially on the sensor surface.”'*'** Their resonance
frequencies decrease with the increasing mass of the adsorbed
gas molecules.

Although both QCMs and microcantilevers are sensitive to
changes in mass, conventional silicon microcantilevers have
been found to be unsuitable for the characterization of MOFs;
microcantilevers are thin (~1 pm) and may bend too much
when MOFs are directly grown on their surfaces. Such a
problem is not serious for QCMs because the thickness of a
5 MHz quartz crystal is ~300 um.*® Hesketh and Kitagawa
synthesized MOFs on QCMs using a conventional method and
measured the resonance frequency changes during the
adsorption or desorption of various gases.”*** However, they did
not measure the change in the quality factor (Q factor, i.e., the
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ratio of the energy stored to the energy dissipated during
vibration) of the quartz crystals during gas adsorption. Note
that the change in Q factor is directly associated with the change
in the mechanical properties of the MOF film.

In the present study, we deposited a thin film of copper on a
quartz substrate and converted the copper film to Cu-BDC
framework nanostructures by using this film as the metal ion
source. The surface of the Cu-BDC layer-grown quartz crystal
microresonator (CuBDC-QCM) was treated with octadecyltri-
chlorosilane (ODTS) to change the Cu-BDC layer from super-
hydrophilic to superhydrophobic. To investigate the gas
adsorption properties of the Cu-BDC layer, CuBDC-QCMs were
exposed to various concentrations of n-hexane vapors, and
changes in the resonance frequency and Q factor were
measured simultaneously. n-Hexane, which is used as a clean-
ing solvent in electronic industries, has received great attention
because of its potentially hazardous nature, and for this reason
was selected as the target gas in this study. This study presents
the first report of the direct synthesis of a Cu-BDC layer from a
metallic copper film and its application for investigating the
adsorption of n-hexane vapor using QCMs.

Experimental

Materials

Benzene-1,4-dicarboxylic acid (BDC, terephthalic acid), ODTS,
ethanol, toluene, and polystyrene (MW = 100 000 g mol ") were
purchased from Sigma-Aldrich and used without further puri-
fication. Deionized water (18.3 MQ cm) was obtained from a
reverse osmosis water system (Human Science, Korea). The 5
MHz quartz crystals (1.27 cm in diameter) with gold electrodes
were purchased from ICM (Oklahoma City, OK).

Synthesis of Cu-BDC on a silicon wafer and quartz resonator

Circular patterns of Ti adhesion layers (10 nm) and Cu layers
(300 nm) were sequentially deposited on a silicon wafer, as well
as on a quartz resonator, using thermal evaporation under a
pressure of 3 x 107° Torr. After cleaning the Cu-deposited
substrates with UV irradiation, they were rinsed with deion-
ized water and ethanol several times. The Cu-deposited
substrates were immersed in 0.05, 0.5, 1, or 3 mM BDC solu-
tions in a 1:1 mixture of water and ethanol (20 mL), and
Cu-BDC films were synthesized solvothermally on the
substrates at 200 °C for 1 h in an autoclave. Cu-BDC-grown
substrates were rinsed with ethanol to remove the unreacted
organic linkers, and then dried under nitrogen flow. The Cu-
BDC-grown silicon wafer (CuBDC-Si) was used for thermogra-
vimetric analysis (TGA) and to generate the X-ray diffraction
(XRD) patterns and scanning electron microscopy (SEM) images
whereas the CuBDC-QCM was used for gas adsorption
measurements. To modify the surface wettability of the Cu-BDC
layers, the CuBDC-QCM was treated with a 10 mM ODTS solu-
tion in toluene for 3 h.
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Characterization

The morphology and thickness of the Cu-BDC layer were
investigated by field-emission scanning electron microscopy
(FE-SEM, JEOL). The water contact angle on the Cu-BDC surface
was measured by using SmartDrop (Femtofab, Korea). The
crystalline structures of the Cu-BDC powder synthesized by the
conventional method and the CuBDC-Si were characterized by
XRD measurements using an M18XMF (Mac Science) diffrac-
tometer with Cu Ko, radiation (1 = 1.542 A). The TGA profile for
the Cu-BDC powders was obtained using STA 449C (NETZSCH)
under nitrogen atmosphere (see Fig. S1 in the ESI}).

Instrument set-up for n-hexane vapor adsorption
measurements

After the CuBDC-QCM was mounted in a temperature-
controlled flow cell, changes in the resonance frequency and
Q factor were measured simultaneously as a function of
n-hexane vapor concentration at 25 °C (see Fig. S2 in the ESIf).
Dry nitrogen was used as a carrier gas and passed through a gas
bubbler containing n-hexane to generate vapor. The n-hexane
vapor concentration was adjusted by combining an n-hexane
vapor stream with a dry nitrogen stream. The flow rate of each
stream was controlled using mass flow controllers (Brooks
Instruments, Hatfield, PA) and the total flow rate was fixed at
100 mL min~*. The resonance frequency and Q factor of the
QCMs were monitored using an impedance analyzer (QCM
7500, KSV Instruments Inc., Finland).

Results and discussion

Fig. 1(a-d) show the SEM images of the chemical compounds
synthesized on copper-coated silicon wafers using different
concentrations of BDC. The average size of the Cu-BDC frame-
work nanostructure increased as the BDC concentration
increased, which made the Cu-BDC surface rougher. Fig. 1(e)
shows XRD patterns of the CuBDC-Si synthesized using various
concentrations of BDC. No peak was observed for the
compounds synthesized on the silicon wafer at a low concen-
tration of BDC (0.05 mM) whereas two distinct peaks appeared
at a high concentration of BDC (3 mM), at 7.8° and 17.6°, which
correspond, respectively, to the (001) and (002) peaks of the
Cu-BDC frameworks obtained by the liquid epitaxy method.®
The growth of the Cu-BDC crystal on the copper film was
affected by the dissolution rate of the metallic copper. The
protons from the carboxylic acids groups in BDC dissolved the
copper film and produced copper ions, which reacted with BDC
to form the Cu-BDC layer on the substrate. The slow dissolution
of the copper film limited the supply of copper ions for the
framework and made the crystal grow with preferential orien-
tations with respect to the substrate. The average size of the
Cu-BDC nanocrystallites (3 mM) of CuBDC-Si was calculated
using the Scherrer equation to be ~30 nm, which is consistent
with the thickness of Cu-BDC nanorods (see Fig. S3 in ESI}) and
indicates that the Cu-BDC synthesized on a silicon wafer was
highly crystalline.
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Fig. 1 SEM images of Cu-BDC layers grown on silicon wafers using
different concentrations of BDC. (a) 0.05 mM (b) 0.5 mM (c) 1 mM, and
(d) 3 mM. The scale bar represents 5 um. (e) XRD patterns of the
CuBDC-Si synthesized using various concentrations of BDC: 0.05 mM
(red), 0.5 mM (green), 1 mM (blue), 3 mM (sky blue).

As-synthesized CuBDC-QCM (3 mM BDC) was observed to be
superhydrophilic but CuBDC-QCM can be easily made super-
hydrophobic by treating it with ODTS.* Fig. 2(a) and (b) show
optical microscopy images of 5 pL of water placed on as-
synthesized CuBDC-QCM and ODTS-treated CuBDC-QCM,
respectively. The water contact angles measured at four
different locations of each substrate were found to be ~0° for
the as-synthesized CuBDC-QCM (superhydrophilic) and 170° +
1.2° for the ODTS-treated CuBDC-QCM (superhydrophobic).
These different surface properties affect the adsorption of gas
molecules onto the Cu-BDC layer, which can be used to
modulate the gas adsorption kinetics or gas storage capacities.

Fig. 2 Optical microscopy images of a drop of water on (a) the
superhydrophilic Cu-BDC layer and (b) the superhydrophobic
Cu-BDC layer.
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The gas adsorption kinetics and storage capacities of the
superhydrophilic and superhydrophobic Cu-BDC layers were
measured in situ by monitoring changes in the resonance
frequency. Exposure of the CuBDC-QCMs to various concen-
trations of n-hexane vapor induced a change in the resonance
frequency (Af), which is directly related to the mass of the
adsorbed gas (Am) according to the Sauerbrey equation:*®

22
__HT A,
A\/Pgkq

where f,, A, py, and uq are the resonance frequency of the quartz
crystal before gas adsorption, the active area of quartz resona-
tors (0.28 cm?), the density of quartz (2.648 ¢ cm ™), and the
shear modulus of quartz (2.947 x 10" g cm ™" s~2), respectively.

Af = (1)

Note, however, that eqn (1) is derived using the assumption that
the quartz crystal is covered with a uniform and dense film.
Because the Cu-BDC layer formed on the quartz crystal is
neither uniform nor dense (see Fig. 1(d) and S3(d)7), the mass
change was not calculated from the frequency change during
gas adsorption in this study. It is nevertheless safe to relate the
frequency change to the mass change qualitatively.

Fig. 3(a) shows changes in the resonance frequency (Af) and
Q factor (AQ) of the superhydrophilic CuBDC-QCM as a func-
tion of n-hexane vapor concentration. The concentration of
n-hexane vapor was varied sequentially as follows: 3%, 5%, 7%,
10%, 15%, 20%, 30%, and 40%. After each exposure of the
quartz crystal to n-hexane vapor, the flow cell was rinsed with
dry nitrogen to remove the adsorbed n-hexane vapor from the
Cu-BDC layer. The change in the resonance frequency of the
quartz crystal increased as the concentration of n-hexane vapor
was increased, due to the increase in the mass of n-hexane
adsorbed on the Cu-BDC layer. The changes in the Q factor of
the quartz crystals were measured simultaneously with the
changes in the resonance frequency. As with the resonance
frequency, the change in the Q factor increased as the concen-
tration of n-hexane vapor was increased, which indicates that
the modulus of the superhydrophilic Cu-BDC layer decreased
due to the adsorption of n-hexane vapor.

In contrast, exposure of the superhydrophobic CuBDC-QCM
to n-hexane vapor induced an increase in the Q factor (Fig. 3(b)).
The increase in the Q factor implies that the modulus of the
hydrophobic Cu-BDC layer increased as n-hexane was adsorbed.
The n-hexane binds to the hydrophobic benzene group in the
backbone of superhydrophilic Cu-BDC, making the framework
soft. However, n-hexane prefers to bind to the alkyl chains
(ODTS) in the superhydrophobic Cu-BDC via hydrophobic
interaction,?® which induced an increase in the stiffness of the
porous film by bridging the elements of the framework. Fig. 3(c)
compares the resonance frequencies of the superhydrophilic
CuBDC-QCM and the superhydrophobic CuBDC-QCM as a
function of the n-hexane vapor concentration. The super-
hydrophobic CuBDC-QCM produced frequency changes
(—0.78 Hz/%) that were three times the changes measured in
the superhydrophilic CuBDC-QCM (—0.25 Hz/%), indicating
that the gas storage capacity was three times increased after
hydrophobic treatment. These changes appear to have been

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Variations in the resonance frequency (black) and Q-factor
(blue) of (a) the superhydrophilic CuBDC-QCM and (b) the super-
hydrophobic CuBDC-QCM during the adsorption and desorption
of n-hexane vapor. The concentration of n-hexane vapor was varied
sequentially in a series of measurements: 3 -5 —-7 — 10 —» 15 — 20
— 30 — 40%. (c) The resonance frequencies of the uncoated QCM
(black, square), the superhydrophilic CuBDC-QCM (red, circle) and the
superhydrophobic CuBDC-QCM (blue, triangle) as a function of the
n-hexane vapor concentration.

solely induced by the vapor adsorption on the Cu-BDC layer,
since a control experiment using the uncoated QCM showed
nearly negligible changes in frequency and Q factor (not shown
here) upon exposure to the series of increasing concentrations
of n-hexane vapor.

Fig. 4(a) shows how the normalized resonance frequency of
the superhydrophilic CuBDC-QCM and the superhydrophobic
CuBDC-QCM changed during the adsorption and desorption of
40% n-hexane vapor. A control experiment was conducted using
the polystyrene film-coated QCM (PS-QCM) to compare the
adsorption and desorption kinetics of n-hexane vapor on
different substrates. The PS film was spin-casted on a quartz
crystal microresonator and the film thickness was measured to
be 80 nm. In contrast to the fast adsorption and desorption

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Variations in (a) the normalized resonance frequency and (b)
the Q factor of superhydrophilic CuBDC-QCM (black), super-
hydrophobic CuBDC-QCM (red) and PS-QCM (blue) during the
adsorption and desorption of 40% n-hexane vapor.

kinetics of n-hexane on the Cu-BDC layers, much slower
adsorption and desorption kinetics were observed on the PS
film (see Fig. S4 in the ESIf for the complete adsorption-
desorption curve of the PS-QCM). The fast adsorption and
desorption kinetics on the superhydrophilic and super-
hydrophobic Cu-BDC layers were attributed to the presence of
three-dimensionally interconnected pores, which facilitate the
transport of gas into the films. Fig. 4(b) shows how the Q factor
of the superhydrophilic CuBDC-QCM, the superhydrophobic
CuBDC-QCM, and the PS-QCM changed during the adsorption
and desorption of 40% n-hexane vapor. In contrast to the rela-
tively large responses in the Q factors of the porous CuBDC-
QCMs to n-hexane vapor, the Q factor of the dense PS-QCM
remained nearly unchanged. This result supports the hypoth-
esis that the change in the modulus of the Cu-BDC layer is
associated with the change in the pore structure due to the
n-hexane adsorption.>”**

Conclusions

We synthesized Cu-BDC layers directly on copper film-coated
quartz crystal microresonators by using the copper film as a
metal ion source. The Cu-BDC layer changed from being
superhydrophilic to superhydrophobic upon treating the
surface of the as-synthesized Cu-BDC layer with ODTS. After the
CuBDC-QCMs were exposed to various concentrations of
n-hexane vapor, changes in the resonance frequency and Q
factor of the resonator were measured simultaneously. The
resonance frequency change of n-hexane vapor adsorbed on the
superhydrophobic Cu-BDC layers was found to be three times
that on the superhydrophilic Cu-BDC layers, which indicates
that the gas storage capacity of this material could be increased
by simple chemical modifications. It was also found that the
integration of MOF films with QCMs was useful to investigate
the gas adsorption-induced changes in the modulus of the MOF
films, which had never been studied until now due to the lack of
appropriate methods.
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