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A new three-dimensional coordination polymer composed of Cu®* centres and semiquinoid linkers (dhbg*") was synthesized which
was composed by two independent, enantiomeric, interpenetrated [Cux(dhbq);]*” networks with (10,3)-a topology. The compound
has good water stability and typical behaviors of semiconductor, whose conductivity increases along with raising temperature.
The chemiresistive humidity sensor made from this material shows good properties including linear sensitivity, high response, fast
response and recovery, and particularly narrow hysteresis during humidity adsorption and desorption.
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1 Introduction

Chemiresistive sensor devices are becoming increasing im-
portant, due to their simplicity, low power consumption, mod-
ularity, broad applicability and ease of integration with stan-
dard electronics. These advantages open up their wide ap-
plications in wearable devices, intelligent automobile, smart
electrical home appliances, and environmental and food qual-
ity control [1,2]. For the last few decades, various mate-
rials have been developed for chemiresistive gas/humidity
sensors, such as metal oxide semiconductors [3], conductive
polymers [4], carbon based materials (such as carbon nan-
otube [5], graphene [6]).

Coordination polymers (CPs) are coordination compounds
containing identical metal complex fragments (central atoms

*Corresponding author (email: gxu@fjirsm.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2017

surrounded by ligands), which repeat in one, two, or three
dimensions [7]. CPs have been intensively studied and intro-
duced to a myriad of applications, including gas separation
and storage, luminescence, catalysis, etc. [8,9]. Increased
attention has also been paid to develop CPs as next-gen-
eration sensing materials owing to their specific features,
such as structure diversity and designability, tunable sensing
active sites, large surface area and extraordinary adsorption
affinities [10]. Various CPs-based electrical sensors have
been developed towards gas molecules, humidity and so on.
For example, CPs with 7,7,8,8-tetracyanoquinodimethane
(TCNQ) and 2,3,5,6-tetrafluoro-7,7,8,8 tetracyanoquin-
odimethane (TCNQF,) as ligands have been studied for
chemiresistive sensor by O’Mullane’s group [11,12], where
these CPs showed a response to NO, and NH; gases at
25 °C. A zeolitic imidazolate framework, ZIF-67, was em-
ployed by Zhang’s group [13] as a promising formaldehyde
gas sensor at a medium operating temperature (150 °C). Lang
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and co-workers [14] used 1D silver(I)-bromide-thiol coor-
dination polymer as the sensor for detecting ammonia and
amines in water. Dinca et al. [15,16] demonstrated that a
chemiresistive sensor array containing three isostructural
porous CPs can reliably distinguish five categories of volatile
organic compounds. Nanorods of conductive porous CP,
Cu;HHTP,, reported by Mirica’s group [17] were in situ
grown on shrinkable polymer films for detecting ppm-level
NHj3;, NO, and H,S. CPs have shown great promising as the
key materials of chemiresistor sensor. However, designing
and synthesising of CPs that can be applied in sensor with
fast responsibility, high sensitivity, good stability is still a
great challenge.

Humidity is one of the most commonly measured physical
quantities, because it is an inevitable constituent in the air
due to abundant water in our environment and it changes
largely with season, temperature, location, etc. [18]. Thus,
high performance humidity sensors are indispensable in
diverse humidity-sensitive fields including agriculture, grain
preservation, industrial process and human life [18,19]. At
present, there are three types of CP-based electrical sensors:
capacitive type, alternative current (AC) impedence type and
direct current (DC) resistance type. Most CP-based humidity
sensors are capacitive type due to low power consumption
and high output signals [18,20,21]. Our previous work has
demonstrated that a capacitive humidity sensor based on
the CusTCPP nano-flake showed good capacitance response
within the humidity range of 60%—98% ralative humidity
(RH) [22]. However, hysteresis is a common problem vir-
tually for all kinds of capacitive humidity sensors due to
the slower diffusion time of moisture sensitive films while
dehumidifying, which is often a serious drawback because
of the corresponding unreliable responses [21]. Another
type of CP-based humidity resistive sensor is mainly based
on detecting the signal of impedance change in AC filed
[23,24]. This type of sensors exhibited good long-term sta-
bility and high sensitivity. However, the application of them
is hampered by broad hysteresis and fair response-recovery
[25]. Compared with AC type, DC sensors show advantages
of real-time monitoring, high sensitivity and the potential to
be integrated into low-cost devices, narrow hysteresis and
fast response-recovery [26].

In this work, we report the synthesis and detailed single
crystal structure of a 3D CP, (NBuy),Cux(dhbq); (1), as well
as its application in humidity chemiresitive sensor as active
material. Compound 1 was synthesized with Cu** and re-
dox active dhbq*", which shows good water-stable and typ-
ical semiconductive behavior. The DC chemiresistor sensor
of compound 1 shows excellent humidity sensing properties
with linear sensitivity in a broad relative humidity range, high
response of a 10* times enhanced conductivity under 80%
RH, fast response and recovery, and narrow hysteresis dur-
ing humidity adsorption and desorption.
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2 Experimental

2.1 Materials

All reagents were purchased commercially and used without
further purification. Tetrabutylammonium iodide (NBul),
2,5-dihydroxybenzoquinone and Cu(Ac), were purchased
from Aladdin (USA). N,N-diethylformamide (DMF) was
purchased from Sinopharm Group Co., Ltd. (China). Water
was purified using the Milli-Q purification system. Sensor
substrates (13.5 mmx7 mm, 0.5 mm in thickness) with five
pairs of Ag-Pd interdigitated electrodes (both the width and
distance were 200 um) were purchased from Beijing Elite
Tech Co. (China).

2.2 Synthesis of compound 1 single crystals

2,5-Dihydroxybenzoquinone (35 mg, 0.25 mmol) and an
excess of NBwl (400 mg) were dissolved in 10 mL DMF
solution. Then, the above solution was carefully added
to an aqueous solution (10 mL) containing Cu(Ac),'6H,O
(70 mg, 0.37 mmol). The mixture was stirred and dropped
with concentrated NaOH to adjust pH=10. Then it was
capped and allowed to stand at room temperature. Red
block-like single crystals began to form in a week. One of
these crystals was used for X-ray crystallography. Elemental
analysis caled.: C, 58.82%; H, 7.05%; N, 2.74%. Found: C,
55.25%; H, 7.25%; N, 2.59%.

2.3 Powder X-ray diffraction and single crystal struc-
ture determination

Powder X-ray diffraction was performed on Rigaku Mini-
Flex II diffractometer (Japan) using Cu Ka radiation by
keeping the powdered sample on a silicon substrate. The
diffraction patterns were collected in the 26 range of 5°—45°
with a step size of 0.02°. Single-crystal X-ray diffrac-
tion data of compound 1 were collected on a SuperNova
diffractometer (Rigaku, Japan) with the Cu Ko radiation
(A=1.5406 A). Absorption corrections were applied by us-
ing multi-scan program. The structure was determined by
direct methods and refined on F? by full-matrix least-squares
method using the SHELXTL-2016 program package [27].
The X-ray diffraction crystallographic data and structure
refinements for compound 1 are demonstrated in Table 1.
Crystallographic data for compound 1 reported in this paper
have been deposited in the Cambridge Crystallographic Data
Centre with CCDC 1528501. This data can be obtained free
of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

2.4 Characterization

The Fourier transform infrared spectroscopy (FT-IR) spectra
were recorded on a Bruker VERTEX70 FT-IR spectrometer


http://www.ccdc.cam.ac.uk/data_request/cif
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Table 1 Crystal data and structure refinement for compound 1

Crystal data (NBus),Cuy(dhbq)s
Empirical formula CoH3Cu, 06
Formula weight 270.65
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Cubic
space group 1-43d

a=22.1195(4) A, a=90°
b=22.1195(4) A, =90°
c=22.1195(4) A, y=90°

Unit cell dimensions

Volume 10822.5(6) A?
VA 16
F(000) 2144
—27<h<26;
Limiting indices —14<k<26;
—25<I<27
Reflections collected/unique 15731/1720
Completeness to theta=67.684 100.0%
Data/restrains/parameters 1720/6/50

GOF on F? 1.057
Final R indices [[>20(])] Ri=0.0676, wR,=0.1776
R indices (all data) R1=0.0683, wR,=0.1785
a) Ri=Z|Fo|=[F[/Z|Fo], wRa=[Z(Fol—|FelVEIFoP]".

(Germany) in 4000-400 cm' region using KBr pel-
lets. Thermogravimetric analyses were done on a NET-
ZSCHSTA449C analyzer (Germany) with a heating rate
of 10 °C min™! from 25 to 1200 °C, with a N, flow rate of
20 mL min™'. UV-Vis-NIR diffuse reflectance spectra were
recorded on a Lamda 950 (PerkinElmer, USA) using BaSO,
as a standard. The electrical measurements were performed
using a Keithley 4200 (USA).

2.5 Sensing property test

The crystals of compound 1 were ground with ethanol to
form a suspension in mortar. The size of grains is varied
from nanometer to micrometer (Figure S1(a), Supporting In-
formation online), which is common for grinding method.
From the cross sectional view, the thickness of the coating
film is about 5 um (Figure S1(b)). Then, the suspension was
drop-casted on an aluminium oxide substrate with Ag-Pd in-
terdigitated electrodes to form the sensing layer. Two Au
leading wires were glued onto the two electrodes by silver
paste. Before measurement, the samples were degassed in
vacuum at 100 °C for overnight. Figure 1 shows the structure
of the humidity sensor prototype constructed on a DC circuit.
The humidity sensing characterization was conducted by a
home-made system reported previously [28]. The humidity
response experiment was carried out by placing the sensor
device in a sealed quartz chamber at room temperature and
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Figure 1 A schematic illustration of the humidity sensor prototype (color
online).

monitoring the resistance of the device in different relative
humidity with dry air as carried gas. The sensor device ap-
plied constant voltage (1.0 V) via a Keithley 2602B (USA)
source meter and measured the current of the sensor through
the exposure and recovery cycles. Humidity gas was intro-
duced into the quartz tube via mass flow controllers. The
constant flow was 600 mL min™'. All of the sensing measure-
ments were performed at ambient temperature.

3 Results and discussion

3.1 Structural description

Single crystal X-ray diffraction analysis reveals that com-
pound 1 crystallized in a cubic space group /-43d (Table 1),
an isostructural metal organic framework (MOF) to previ-
ous report [29]. Each Cu atom adopts a slightly distorted
octahedral geometry coordinated by six oxygen atoms from
three separately benzoquinone rings to form a CuOg octahe-
dron (Figure 2(b)). The CuOg¢ octahedron then connected by
2,5-dihydroxybenzoquinone moieties to form a 3D porous
structure with hexagonal channels along the [111] direction
(Figure 2(c)). The O—Cu—O bond angles are 78.41°-96.92°
and the Cu-O distances are 1.99 A, which are comparable
with those of carboxylate-based Cu-MOF [30]. Compound 1
contains two independent, enantiomeric (10,3)-a networks of
opposite chiralities that interpenetrate in the manner shown
in Figure 2(d). The charge of the network is compensated
by NBus" which located in the channels is highly disordered
in the networks. The pores in the structure are almost com-
pletely filled by NBu" cations.

The powder X-ray diffraction (PXRD) pattern in
Figure 3(a) shows that all of the peaks are well consistent
with the simulated PXRD pattern. No impurity phase was
observed. FT-IR analysis was further carried out to verify
the coordination of divalence copper and ligand in compound
1 (Figure 3(b)). Compared with the H,dabq ligand, showing
strong absorption at 3306 cm™ (OH stretching vibration),
disappearance of this band in the IR spectra of compound 1
indicated the coordination of ligands with Cu ions [31]. Both
the ligand and compound 1 showed prominent bands in the
1500-1600 cm™' region that can be assigned as a contribution
of C=C and C=O stretching modes [32]. The band at
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Figure 2 (a) The optical micrograph of the compound 1 single crystal. (b)
Synthetic route. NBuyl has been omitted for clarity. (c) A larger portion of
the crystal structure, showing one of the two [Cux(dhbq);]* interpenetrated
network with (10,3)-a topology that together generate the porous three-di-
mensional structure. (d) Two independent, enantiomeric, interpenetrating
[Cux(dhbq);]* networks, charge-balancing NBus* cations are not depicted
for clarity. NBu," cations fully occupied the void of framework (color on-
line).

1638 cm! of the free ligand, arising from C=Ostretching vi-
bration, shifts to lower wavenumber 1507 cm™ of compound
1, which is due to the chelation of C=0with metal [33]. We
failed to unambiguously assign the other strong band between
1000 and 1500 cm™ to C-C, C-0, and C-N vibrations [34].
The solid-state UV-Vis-NIR absorbance spectra of the linker
molecules and the compound 1 show a broad absorbance ex-
tending across the range 200-600 nm™!, with absorption edge
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591 and 652 nm™!, respectively. A higher wavelength ab-
sorbance observed at 851 nm ™' in compound 1 is tentatively
assigned to a m-m* transition, though the feature may also
be due to ligand-to-metal charge transfer [35,36]. To study
the thermal stability of compound 1, thermogravimetric mea-
surement was carried out. The result shows well developed
platform before 200 °C, which illustrate it could be stable up
to 200 °C without weight loss (Figure 3(d)). The continu-
ous, speedy weight loss upon heating up to 300 °C can be
attributed to the loss of the countercations (NBus*) and thus
the collapse of whole framework. From the result of ele-
ments analysis and thermogravimetric analysis (TG), we can
draw a conclusion that the crystal does not contain solvent
molecules, and the compound 1 is in fair agreement with the
composition of (NBus)>Cux(dhbq)s.

3.2 Humidity sensing properties of compound1

A two-probe method was employed to investigate the con-
ductive properties of compound 1 by a pressed pellet where
both faces of the pellet were painted with silver paint.
Figure 4 shows a typical semiconductive propertity of com-
pound 1. After the ground crystals were immersed into the
water for 15 d, it retains the same locations of diffraction
peaks, indicating compound 1 crystals show a good water
stability (Figure 3(a)). The water stability result suggests
that it can be used as chemiresistive humidity sensor. The
real-time dynamic response curve displayed in Figure 5(a)
shows that the current curve of the humidity sensor presents
good reaponse and recovery to a broad range of RH from
30% to 90%. The signal strength is more apparent and larger
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Figure 3 (a) Powder XRD pattern of compound 1; (b) FT-IR pattern of compound 1 and H.dabq; (c) UV-Vis spectra pattern of compound 1 and the ligand

Hxdabgq; (d) TG curve of compound 1 (color online).
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Figure 4 Temperature dependent conductivity curve of compound 1 (color
online).

than noise. When humidity air was mixed in the flow, the
electrical current of the sensor promptly increased and then
gradually reached a relatively stable value. When reverting
to dry air, the current drop faster back to the baseline current
with a baseline current at 1072 A. Responses were calculated
to reveal the sensing characteristics of the compound 1 to-
ward moisture. The response of the sensor for detecting the
humidity in this paper is defined as the ratio of device resis-
tance in dry gas and in humidity gas:

R o= Ry /R 1=1

response

/1 1 (1)

The response as a function of RH is presented in
Figure 5(b), which exhibited good linearity of humidity
response (linear sensitivity) to broad RH range (30%—90%
RH). Response reached up to 4 orders of magnitude at 80%
RH. From this point of view, compound 1 based humidity
sensor is comparable with humidity sensors based on metal

humidity B humidity dry B
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oxides [37,38] and other MOFs [20,22,39] and is better
than humidity sensors based on carbon nanotubes [40] and
graphene oxide [41-43] (Table 2). The correlation coefficient
(R*=0.989)0f the linear fitting to the experimental data illus-
trates good quality of the fit. The repeating dynamic response
of compound 1 based sensor to rapid variations in the dry air
and 80% RH is shown in Figure 5(c). We tested five cycles
under 80% RH. It is observed that the current of the sensor
reverts always to the original value, when RH is restored to
the former state, indicating that the humidity-sensing process
is extremely reversible. The coefficient of variation (CV) is
used to describe the effect of humidity on responses which
are defined as:

CV=Ry/R,,. *100%

average )
where Rsp and Raverge are standard deviation (SD) and aver-
age value of response at 80% RH condition, respectively. The
humidity sensor showed not only excellent repeatability but
also very low value of CV=4.8% under 80% RH. The lower
CV value means the better anti-interference performance and
indicates good repeatability of the sensor [28]. For humidity
sensors, reproducibility was evaluated by testing the perfor-
mance of devices at 80% RH which fabricated by compound
1 synthesized in different batches (Figure S2). The devices
showed good repeatability and high responses (~10%). Maybe
due to the different size distribution and thickness, slight dif-
ference in responses can be observed for different batched of
devices, which is acceptable for reproducibility. The sensing
performances of humidity sensor have been further studied
for its response and recovery time. The response and recov-
ery behaviour is one of the most important characteristics in
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Figure 5 Compound 1 based humidity sensor. (a) Current response to dry air and different RH (30%—-90%) at 25 °C; (b) humidity-dependent responses; (c)
the response and recovery under 80% RH for 5 cycles; (d) response and recovery time at 80% RH (color online).



1202 Lv etal. Sci China Chem

evaluating humidity sensors. We normalized the maximum
of current as 1 to estimate the reponse and recovery prop-
erties (Figure 5(d)). Response time is defined as the time
taken by the sensor to attain 90% of the final saturation cur-
rent change in humidity air, while the recovery time is the
time for the humidity sensor to recover to 10% of current
change above the original current value in air. We calcu-
lated response and recovery time of the device at 80% RH.
As show in Figure 5(d), it is obvious that recovery speed is
faster than response speed. The response time for 80% RH
was determined as ca. 54 s, whereas the corresponding recov-
ery time only took 6 s. The adsorption/desorption behaviour
of water mainly formed on the sensor surface which makes
the H,O molecules move through the materials easier, result-
ing in a rapid recovery speed [26]. Considering the fact that
it takes ~39 s to fulfil the quartz chamber when the gas flow
was 600 mL min™!, the response-recovery results are excel-
lent. In addition, such results are comparable or even better
than the previously reported SnO, nanowire humidity sen-
sor [38], graphene oxide resistive humidity sensor [42] and
conventional capacitive sensors utilizing silicon nanowires
[44] and so on (Table 2). Figure 6(a) shows the hysteresis
characteristics of the sensor at room temperature. The blue
line of the loop represents the changes in current during ad-

2.5x10°
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sorption process when the RH changes from low value (dry
air) to a high value (90%). The red line of the loop represents
the changes in current in case of desorption process when the
RH changes from a high value to a low value. The adsorp-
tion/desorption behaviour based on resistance measurements
remains almost constant between 30% and 90% RH, follow-
ing a narrow hysteresis curve. This narrow hysteresis indi-
cates good reliability of the sensor. In practical applications,
hysteretic behaviours are often observed in capacitive humid-
ity sensors and such behaviour is often a serious drawback
[18,19]. The testing results presented above indicate that wa-
ter vapours in air have a strong influence on the conductiv-
ity of compound 1. And such conductivity change resulting
from the fluctuation of RH in air is always reversible. All of
these characteristics demonstrate its potential application in
chemiresistive sensing of moisture.

3.3 Humidity sensing mechanism

Water related conduction in sensing materials is known to
mainly occur as a surface mechanism [41,45]. And it is be-
lieved that the change of resistance along with humidity is
closely related with the chemical and subsequently physical
absorption of water molecules. The compound 1 possesses
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Figure 6 (a) Humidity hysteresis characteristic of compound 1; (b) curves of current vs. time of the compound 1 based sensor at various RH obtained by the

DC reverse polarity method (color online).

Table 2 Comparison of various materials-based humidity sensors

Materials Sensor type Shape Deterztz;ieRH Re:.g\(:::;/re Tl;z;:ogi?t Ref.
time (s)
Single SnO, DC Resistance Nanowire 5.0%—85% 120-170/20-60 32 [38]
Graphene oxide DC Resistance Flacks 10%—-80% 189+49/89+5 ~10 [42]
Reduced graphene oxide DC Resistance Ultrathin film 4.3%-75.7% 4/10 ~0.06 [43]
(NBus),Cuz(dhbq)s DC Resistance Powder 30%—90% 54/6 2.1x10* Present work
Cu3(BTC), Capacitance Thick film 119%—84% 20/20 1.94 [20]
Cu;TCPP Capacitance Pellet 60%—98% N/A/N/A 42 [22]
Ce0; Capactance/AC resistance Nanoparticles 11%-98% 10/3 5%10%/2x10* [37]
NH,-MIL-125(Ti) Capactance/AC resistance Powder 11%-95% 45/50 N/A/3.6x10* [39]
Carbon Capacitance Nanotube 11%-97% 45/15 1.5 [40]
Graphene oxide Capacitance Thin film 15%—-95% 10.5/41 378 [41]
Silicon Capacitance Nanowire 11.3%-93% 350/52 1.8 [44]
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microporous anion framework but nearly fully encapsulated
by a large size counter cations. As a result, the external sur-
faces of these MOF particles are available for the adsorbed
molecules. Thus, its humidity sensing responses mainly de-
pend on outer surfaces of the MOF. There are two possible
humidity sensing mechanisms. Most of works including all
AC type and some DC type interpreted as contribution of wa-
ter-induced proton conductivity by a Grotthuss-type mech-
anism [18,19,41]. However, in some works, the resistance
change can be attributed to the reduced potential barrier and
the activation energy of the sensing materials caused by water
molecules and ionic functional hydroxyl groups adsorbed on
grain surfaces, grain boundaries and interfaces between sens-
ing materials and electrodes [46—48].

To probe electronic and ionic contributions to the mois-
ture-induced increase of electrical conduction, instantaneous
polarity reversion was applied to the DC circuit [49,50]. We
chose 1 V as the operating voltage. The current vs. time at
different RH conditions is shown in Figure 6(b). When the
DC voltage is put on sensing materials, the current decays
exponentially, and the currents stabilize finally at 3 to 4 or-
ders (depending on RH) of magnitude larger than the base-
line value. It demonstrated that the total current includes
two parts: in the first part, ionic conduction (initial current)
dominated the conductivity change, but the ionic current de-
cays exponentially, then electronic conduction (steady state
current) began to play the leading role, and the current we
tested mainly come from steady current. Such observation
implies that, for DC resistive humidity sensor studied in this
work, freely transporting ionic/protonic carriers do not seem
to dominate the conductivity change. The second interpreta-
tion might be the possible sensing mechanism for compound
1 in this work. To obtain a clear DC humidity sensing mech-
anism, extensive and deep studies on various materials and
devices are necessary.

In addition, high responses of the humidity sensor in this
work can be attributed to abundant active sites and low charge
carrier density of active materials. Firstly, compound 1 has
abundant sensing active sites on the surface including metal
and —OH groups from the ligand, which enable the extraor-
dinary adsorption of water molecules. Secondly, low charge
carrier density of active material can be observed from the
temperature dependent on low conductivity curve at humid-
ity free condition in Figure 4. Thus, the conductivity can be
greatly affected by the injection of electrons, reduced poten-
tial barrier and the activation energy of the sensing materi-
als caused by water molecules and ionic functional hydroxyl
groups [46—48]. Both of them contribute to its high humidity
sensing responses.

4 Conclusions

In conclusion, a semiconductive, water-stable, coordination

September (2017) Vol.60 No.g9 1203

polymer material, (NBus),Cu,(dhbq)s, has been prepared
and characterized which contained two independent, enan-
tiomeric (10,3)-a networks of opposite chiralities, and
showed good water-stable and typical semiconductive be-
havior. The corresponding DC humidity sensor based on this
compound exhibited narrow hysteresis, fast response and
recovery, indicating good reliability. Such properties can
overcome the existing problems (broad hysteresis and fair
response and recovery) of capacitive and AC impedence type
humidity sensors. In addition, good linearity of humidity
responses to entire RH range (30%-90% RH), together
with high response with 4 orders of magnitude at 80% RH,
demonstrates its great potential for quantitatively detecting
humidity. DC chemiresistive humidity sensor is easy to be
integrated with low power consumption standard electronics
for real-time monitoring.
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