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ABSTRACT: A new strategy to synthesize monodispersed
porous coordination polymer (PCP) nanocrystals at room
temperature was developed and utilized for the formation of
PCP thin films on gold substrates with fine control over the
crystal sizes using the coordination modulation method.
Hybridization of these PCP thin films with an environment-
controlled quartz crystal microbalance system allowed de-
termining the adsorption properties for organic vapors
(methanol and hexane). In the case of high sensitivity (at
the low-concentration dosing of analytes), the sensor re-
sponse depended on the crystal size but not on the type of
analyte. In contrast, at the high-concentration dosing, a clear
dependence of the sorption kinetics on the analyte was
observed due to significant sorbate—sorbate interaction.

orous coordination polymers (PCPs), assembled from

metal ions and organic bridging ligands, are an intriguing
class of porous materials because of their potential applications
for gas storage, selective gas separation, and heterogeneous
catalysis." "% Although the nanosized pores of PCPs inherently
possess favorable properties for such applications, the hybridi-
zation of PCPs with electronic devices promises a great
enhancement of chemical sensing performance. In particular,
a quartz crystal microbalance (QCM) that converts a change of
mass to a change of oscillation frequency is a good candidate for
use as a delicate electronic sensor into which PCP crystals can
be integrated.'"'? Its gravimetric sensing ability allows quanti-
tative analysis of molecular adsorption on the nanogram scale
and real-time monitoring of sorption processes.

A lot of efforts have recently been dedicated to finding
strategies to control and reduce the size of PCP crystals to the
nanoscale,'? especially for the fabrication of porous thin films by
immobilizing those PCPs on various substrates.'"* When the
crystal size is decreased, the length of the diffusion pathway
becomes shorter, and thus the concentration-dependent diffu-
sion coefficient should play a crucial role in the permeability of
guest molecules into the pores. However, the porous properties
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of thin films have been rarely investigated," and especially the
effect of crystal size or film thickness has not been discussed so
far. Here we present the integration of size-controlled PCP
nanocrystals into a QCM device and investigate the impact of
the crystal size on the sorption kinetics. The objective of this
study is not only to gain insight into sorption kinetics or
molecular diffusion but also to contribute to the improvement
of sensor response.

We recently reported a methodology to control the size and
morphology of PCP nanocrystals, the so-called coordination
modulation method.'® The cubic framework of [Cus(btc),],
(btc = benzene-1,3,5-tricarboxylate) was selected because we
could successfully control the size of the framework in the nano/
micro regimes.'” Here we modified this method to achieve the
size-controlled growth of highly homogeneous [Cus(btc),],
nanocrystals on gold-coated QCM substrates at room tempera-
ture. A stable mother liquor was obtained by mixing copper
acetate, Hsbtc, and a large amount of dodecanoic acid as a
modulator in butanol. The mixture underwent a short microwave
pretreatment (413 K, S min), which did not cause the formation
of precipitate, followed by immersion of a flame-annealed QCM
substrate into the mother liquor. The crystallization of nanosized
[Cus(btc),], was induced at room temperature by addition of
ethanol as a counter solvent. After standing for >12 h, the
substrate was then gently washed with a copious amount of
ethanol to remove the monocarboxylic modulator. Interestingly,
the crystal size of bulk [Cus(btc),], could be tuned by carefully
controlling the volume of ethanol added to the mother liquor.
Larger volumes of counter solvent induced a rapid crystallization
(turbidity appeared in <1 h) and smaller crystals, while larger
crystals with well-defined cubic morphology arose from longer
crystallization time (6 h) and smaller volume of ethanol
(Figure 1; see also Supporting Information (SI)).

The same crystal size dependency was also observed on the gold
substrates by means of atomic force microscopy (AFM). As shown
in Figure 2a,b, the nanocrystals prepared from the concentrated
mother liquor (concentration of Hsbtc, ¢ = 31.2 mM, and dilution
factor, ethanol/mother liquor, d = 1) present cubic shapes of
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Figure 1. Schematic illustration of size-controlled [Cuj(btc),], nano-
crystal formation on gold-coated QCM substrate. d is the dilution factor,
ethanol/mother liquor (v/v).

Figure 2. AFM images of [Cu;(btc),], nanocrystals deposited on gold
substrate, measured under ambient conditions: (a,b) L/Au and (c,d) S/
Au (see text). Scanned areas are (a,c) 10 x 10 #m?>and (b,d) 2 x 2 um”.
(b,d, insets) Enlarged images of the boxed areas (300 x 300 nm?).

614 & 11 nm size (denoted as L/Au). On the other hand, the highly
diluted solution (c = 7.9 mM, and d = 8) produced smaller crystals of
138 & 1 nm size, as shown in Figure 2c,d (denoted as S/Au). In
addition, the crystal surface of S/Au was rougher than that of L/Au
(Figure 2b,d, insets). This may be due to the difference in
crystallization kinetics: the slow crystallization of L/Au leads to
a smooth surface.

The infrared reflection—absorption spectra (IRRAS) of both
modified electrodes correspond to that of [ Cus(btc), ], synthesized
in bulk (SI, Figure S1). X-ray diffraction (XRD) measurements
revealed that the larger crystals (L/Au) gave relatively strong h00
diffraction intensity, indicating preferential [ 100] crystal orientation
of [Cus(btc),],, but not for the smaller crystals (SI, Figure S2).
Although we also used a modified electrode with carboxylic acid-
terminated self-assembled monolayers as a supporting substrate, no
clear improvement in coverage or orientation was observed. There-
fore, we used bare gold substrates for the QCM measurement
described below.

In order to clarify the sorption properties of the PCP hybrid,
we developed an environment-controlled QCM system, in which
the partial vapor pressure of volatile organic compounds (VOCs)
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Figure 3. Adsorption isotherms of [ Cus(btc),], nanocrystals on quartz
oscillator (L/Au (blue) and S/Au (red)) at 298 K for (a) methanol and
(b) hexane.

in helium carrier gas is adjusted by mass flow controllers in the
range from 0 to 85% at 298 K with a total mass flow of
100 cm®+min~" (SI, Figure S3). The PCP-modified QCM
substrate (AT-cut, 9 MHz) was activated prior to the measure-
ment according to the following protocol: The modified QCM
oscillator was soaked in pure methanol for >2 h and then heated
at 353 K for 2 h in the QCM chamber under dry helium gas flow.
The amount of [Cus(btc),], nanocrystals deposited on the
QCM substrate was estimated at 42.3 ug-cm™ ~ for L/Au and
17.0 ug-cm™ > for $/Au (for the details about the conversion of
frequency to mass, see SI).

The adsorption isotherms of both L/Au and S/Au at 298 K
for methanol and hexane in the range of P/P, = 0—0.85
were successfully obtained for the QCM system and presented
typical type I sorption profiles (Figure 3). As expected, the
saturated adsorption amounts on both L/Au and S/Au at
P/Py = 0.85 were close to each other: methanol uptake was
0.41 and 0.38 g/g, respectively, and hexane uptake was 0.38 and
0.36 g/g, respectively. These values are relatively smaller than
those obtained by volumetric sorption measurements for bulk
samples (SI, Figure S4). This is most likely due to the difference
in the activation methods between the hybrid material and the
bulk sample (403 K, 12 h under reduced pressure).

The vapor adsorption kinetics were investigated by real-time
monitoring of the frequency change (1 Hz sampling rate) after
the introduction of a vapor flow of VOCs into the QCM chamber
at both P/Py = 0.002 (0.2% at the low concentration before
saturation) and 0.85 (85% at the high concentration). The time-
dependent mass uptakes (M,/M,, where M, is the uptake at time ¢
and M, is the equilibrium uptake at each concentration) for
methanol and hexane vapors on the L/Au and S/Au samples are
illustrated in Figure 4 for the low-concentration dosing and in
Figure $ for the high-concentration dosing.

At the low-concentration dosing at P/P, = 0.002 (Figure 4),
we clearly observed a dependence on crystal size for both
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Figure 4. Time-dependent mass uptakes of [Cus(btc),], nanocrystals
on quartz oscillator (L/Au (blue) and S/Au (red)) at low concentration
dosing of analytes (P/P, = 0.002) at 298 K for methanol (O) and hexane
(2). An offset of 10 s is applied to the data of L/Au for clarity.

methanol and hexane adsorptions. The adsorption uptake of the
small crystal sample, S/Au, became saturated in a few seconds. In
contrast, it took >10 s to reach saturation for the large crystal
sample of L/Au. Note that the step-like structures observed for
L/Au are most likely due to the instability of the mass flow
controller at the lowest limit of mass flow (0.2 cm®+min~ "), as
oscillation was observed even after saturation.

Interestingly, the crystal size rather than the analytes them-
selves influenced the characteristic rate of mass uptake, which is
controlled only by diffusion, defined as D/r* (where D is the
diffusion coefficient and r is the diffusion length). At such a low
concentration, the analyte molecules freely diffuse inside the
pores, and there is no interaction between molecules. Therefore,
the factor r is significantly pronounced in this condition, and we
observed the clear dependence of the sorption uptake on size.
Note that the faster uptake of methanol than hexane for L/Au
could be related to the larger diffusion coefficient.

At the high concentration dosing at P/P, = 0.85 (Figure ),
we clearly observed a dependence on the analyte. In the case of
methanol, the uptake rates for both S/Au and L/Au are very fast
and comparable to one another (Figure Sa). The reason for this
fast uptake even in the case of L/Au is still unclear, but one
plausible explanation is the following: In the adsorption iso-
therm of methanol (Figure S4), one can see a step in the region
of relative pressures P/Py = 0.05—0.10, which could indicate a
cooperative adsorption phenomenon. A similar phenomenon
was observed in MOE-$ for carbon dioxide adsorption.'® This
positive cooperative effect of methanol aggregation could
explain the faster uptake rate at higher concentration dosing.
The detailed mechanism of this cooperative effect is currently
under investigation.

The dependence of the sorption kinetics on crystal size for
hexane was more emphasized at the high-concentration dosing
(Figure Sb). Compared to the uptake rates at the low-concentration
dosing, the adsorption kinetics of L/Au became much slower. The
time scale over which the mass uptake changed allowed us to fit by
physical models, whereas all other uptakes were too fast to follow
with sufficient resolution due to the limitation of sampling rate.

Intrinsically, there are two significant processes in the adsorption
kinetics of microporous materials: (a) diffusion along the pores and
(b) diffusion through the barrier at the pore entrance.'* Here we
compared the prediction of two simple linear models of sorption
commonly used in the literature with our experimental results:
Model 1, the constant surface concentration model, also known as
the Fickian model,” that only considers the contribution from (a),
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Figure S. Time-dependent mass uptakes of [Cusz(btc),], nanocrystals
on quartz oscillator (L/Au (blue) and S/Au (red)) at high concentration
dosing of analytes (P/P, = 0.85) at 298 K for (a) methanol and (b)
hexane. The green line in (b) shows how a constant plus two
exponentials fit the L/Au data.

and Model 2, the constant influx and barrier resistance model, also
known as the combined barrier resistance and diffusion model,**
that includes contributions from both (a) and (b). The predictions
of these models are summarized in the SI. Interestingly, neither
model gave a satisfactory fit for the normalized experimental data of
L/Au, as shown in SI Figure S5 (Model 1, D/r* = 8.0 x 10 *s ™,
with regression coefficient R*=0.985; Model 2, D/¥* =92 x 10+
s~ ', with R* = 0.989). One of the shortcomings of these models is
their linear nature; the concentration dependence of the diffusion
coefficient is neglected. The discrepancy between the experimental
data and the prediction of these models is most likely due to the
nonlinearity.

Examining the semilogarithmic plot of the mass uptake versus
time suggested that the data could be fit by a sum of exponentials.
After performing a multiexponential fit, we found that a constant
plus two exponentials described the data best, as shown in

Figure Sb:
Mt/Me == I—Al exp(—klt)—Az exp(—k;_t) (1)

where k; and k, are kinetic rate constants and A; and A, are the
relative contribution of each rate. The parameters for this fit are
found to be k; = (6.55 £ 0.03) X 10 25 %, ky = (3.75 £ 0.03) x
1072 s, A, = 0473 £ 0.003, A, = 0.544 £ 0.003, and R* =
0.9999. Even though we do not fully understand the nature of the
nonlinearity, it most likely introduces an additional time scale (or
modifies the weight of existing ones) through a new exponential
term that is absent in the linear models.””

At the low-concentration dosing of analytes (the case of
high sensitivity), the sorption kinetics, and thus the sensor
response, depended on the crystal size. We prove that the smaller
crystal size was appropriate to obtain the faster sensor response,
which was independent of the analyte species. Improved
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instrumentation will allow us to follow even this very fast kinetics
and to quantitatively analyze the diffusion kinetics. In contrast,
the high-concentration dosing experiments suggested the im-
portance of sorbate—sorbate interactions in addition to sorbate—
framework interactions for understanding the diffusion kinetics.

In this Communication, we have reported the successful
synthesis of [Cus(btc),], nanocrystals on gold-coated QCM
substrate at room temperature with fine-tuning of their crystal
sizes by coordination modulation method and characterization
by AFM, IRRAS, and XRD experiments. By means of an
environment-controlled QCM system that can control the
relative vapor pressure of VOCs in the QCM chamber, we have
studied the sorption kinetics of PCP nanocrystalline films, and
our results highlight that downsizing the crystals leads to a faster
sensor response at the low-concentration dosing of analytes.
These results open the way for the fabrication of not only novel
PCP sensor devices with improved sensing performance but also
new systems to quantitatively investigate sorption kinetics, which
is a significant aspect of molecular separation and catalysis.
Further investigations using different PCPs, including SUR-
MOF:s fabricated by the layer-by-layer method and heterostruc-
tured PCPs, as well as the improvement of the environment-
controlled QCM system, are currently in progress.
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9 Supporting Information. IR spectra, XRD patterns, en-
vironment-controlled QCM system, volumetric sorption mea-
surements for bulk samples, physical models fitting for hexane
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