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Sonochemical synthesis of a trinuclear Cu(n)
complex with open coordination sites for the
differentiable optical detection of volatile aminesy

Fatima Klongdee, Somying Leelasubcharoen, Sujittra Youngme
and Jaursup Boonmak (&*

A discrete trinuclear Cu(i) complex, namely, [Cus(pzdc),(dpyam)(H20)4l (1) (Hzpzdc = pyrazole-3,5-
dicarboxylic acid, dpyam = 2,2’'-dipyridylamine) was simply synthesized by the sonochemical process
and structurally characterized. The single-crystal X-ray diffraction analysis revealed that three adjacent
Culi) centers are linked via two bridging pzdc ligands to form a trinuclear Cu(i) unit. Each trinuclear Cu(n)
unit contains open coordination sites with two trigonal bipyramidal Cu(i) centers and one elongated
octahedral geometry. Moreover, the open coordination site of 1 was occupied by a small molecule,
leading to the guest-induced structural transformation with chromism that was verified by FT-IR, UV-vis
diffuse reflectance spectra, elemental analysis, PXRD, and SEM techniques. Compound 1 exhibits color
change along with structural transformation in methanol media and after the dehydration process. Also,
1 shows different color responses after exposure to different amine vapors. In addition, compound 1 was
conveniently deposited onto a filter paper by a sonochemical method used as a portable test strip for

rsc.li/rsc-advances

Introduction

Lewis acidic copper(u) center is one of the d° transition metal
ions that exhibits a diversity of colors™* and has a remarkable
variety of coordination numbers and geometries due to the
Jahn-Teller distortion.>” The Cu(u) center is an ideal candidate
for the preparation of multinuclear complexes due to its vari-
able coordination geometry, which can be combined with
a variety of ligands.®*” Generally, a polynuclear complex is held
into macromolecules by non-covalent interactions such as
hydrogen bonding, hydrophobic, w-, and electrostatic inter-
actions.*™* In addition, some Cu(i) multinuclear complexes
contain an open coordination site to interact with Lewis basic
molecules.''? Interactions between the unsaturated Cu(u) unit
and guest molecules usually affect the alteration in the coor-
dination environment of Cu(u) core as well as the molecular
packing, leading to chromotropic phenomena.*>** Since Lewis
basic amines are poisonous and corrosive compounds, they can
be easily absorbed and endanger human safety and the envi-
ronment.*>'® There are many techniques for amine detection
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the discriminative qualitative detection of amines.

such as high-performance liquid chromatography, gas chro-
matography coupled with mass spectrometry, fluorometric
analysis, and electrochemical systems. However, these tech-
niques not only require skilled operation and long analysis time
but are also complicated, expensive, and not readily available
on-site in most cases.”’ Several chromic materials that can
change color in response to amines are more convenient, fast,
and can be identified on-site. As ligands, many amine mole-
cules display good coordination ability with metal centers and
excellent hydrogen donor/acceptor sites within the crystal
lattice. In metal complexes, ammonia, methylamine, and eth-
ylamine have been found in the form of coordination and lattice
molecules and also construct N-H---X and Y-H---N bonds (X =
H-acceptor and Y = H-donor) to stabilize the crystal struc-
ture.”® Ethylenediamine favors coordination with the metal
center in a chelating bidentate mode.””*® Therefore, the intro-
duction of different amines with various sizes and shapes into
the unsaturated polynuclear Cu(u) unit potentially affects the
changes in the coordination environment and structural
packing, resulting in the distinguishable detection of amines by
naked eyes. The detection of amines has been commonly found
in the category of coordination polymers, whereas zero-
dimensional complexes are rarely detected due to their low
chemical stability.>*** However, the supramolecular packing of
complexes is overly sensitive due to numerous non-covalent
interactions that can easily respond to external stimuli,
leading to change in physical properties. Thus, the stimulus-
responsiveness associated with the structural transformation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of supramolecular packing that could be monitored to denote
the physical condition of the material is beneficial for the
chemical sensor.

Herein, a new trinuclear Cu(u) complex, namely, [Cus(-
pzdc),(dpyam),(H,0),] (1) (Hszpzde = pyrazole-3,5-dicarboxylic
acid, dpyam = 2,2'-dipyridylamine), for the detection of amine
vapors was prepared on the basis of following aspects: (i) the
versatile H;pzdc ligand exhibits diverse coordination modes so
the structural alteration in the molecular packing can easily
occur when it is stimulated by amines; (ii) Hzpzdc has six
potential interaction sites including four carboxylic oxygen
atoms and two pyrazoly nitrogen atoms.*** These potentially
generate intermolecular hydrogen bonding with amines and
the interactions with the complexes are potentially influenced
by various types and sizes of amines; (iii) the acidic Cu(u) center
favors the binding with Lewis basic amines; (iv) the guest-
induced chromism in the polynuclear Cu(u) complex can
easily occur after binding with amines through the variation in
the versatile distorted Cu(u) environment. As expected, the tri-
nuclear Cu(n) complex demonstrated reversible chromic
behavior induced by different types of volatile amines along
with reversible structural transformation. In order to develop
a convenient test strip for qualitative volatile amines' screening,
the trinuclear Cu(u) complex was deposited onto a filter paper
(denoted as 1-paper) by a simple sonochemical method to be
used as a portable test strip.

Experimental section
Materials and physical measurements

All chemicals and solvents were commercially available and
used as received. The FT-IR spectra were recorded on a PerkinElmer
Spectrum One FT-IR spectrophotometer in the range of 4000-
380 cm ™' using KBr disks. A PerkinElmer 2400 Series I CHNS/O
analyzer was used for elemental analyses (C, H, and N). Thermog-
ravimetric analyses (TGA) were performed in the range of 35-750 °C
under a nitrogen atmosphere at a heating rate of 10 °C min ™" using
a PerkinElmer Pyris Diamond thermogravimetric/differential
thermal analyzer. The powder X-ray diffraction (PXRD) patterns
were obtained in the range from 5 to 50° with 0.026 per step in 26
angles on a PANalytical EMPYREAN with monochromatic CuKo
radiation. The UV-vis diffuse reflectance spectra were recorded on
a PerkinElmer Lambda2S spectrophotometer (400-1100 nm).
Desktop scanning electron microscopes SNE-4500M with an accel-
eration voltage of 20 kV were used to obtain scanning electron
microscopy (SEM) images. The SEM samples were prepared by
placing a sample on a carbon conductive tape and then the samples
were coated with a thin film of gold before being measured.

Preparation of [Cu;(pzdc),(dpyam),(H,0),] (1)

Sonochemical synthesis of 1. The mixture solution containing
Cu(NO3), - 3H,0 (0.5 mmol, 121 mg), 2,2'-dipyridylamine (0.5 mmol,
86 mg), and pyrazole-3,5-dicarboxylic acid (0.5 mmol, 87 mg) in
water, N,N-dimethylformamide (DMF), and ethanol (EtOH) (9 mL,
1:1:1 v/v) was sonicated for 30 minutes, then the green poly-
crystalline powder of 1 was obtained. Yield: 107 mg (70%) based on
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copper salt. Anal. Caled for CuzCsoH,sN;0012: C, 39.54; H, 3.10; N,
15.37. Found: C, 38.64; H, 3.17; N, 15.26%. FT-IR peaks (KBr, cm™"):
3199br (v(OH)), 1640m (¥(C=N)), 1593s (v,(OCO)), 1580s, 1514w,
1473s, 1433w, 1392w (v(OCO)), 1329s, 1293m, 1231w, 1151w,
1058w, 1016w, 839w, 772m. UV-vis (diffuse reflectance, cm ):
14 409 and 11 263.

Synthesis of single crystals of 1. Pyrazole-3,5-dicarboxylic
acid (0.5 mmol, 87 mg) in EtOH (3 mL) was carefully layered over
the mixture solution containing Cu(NO3),-3H,O (0.5 mmol, 121 mg)
and 2,2"-dipyridylamine (0.5 mmol, 86 mg) in water and DMF (6 mL,
1: 1v/v)in 15 mL of glass vial. Then, the vial was sealed and allowed
to stand undisturbed at room temperature. The green single crystals
of 1 were obtained after 2 weeks. Yield: 30 mg (49%) based on
copper salt. Anal. Caled for CuzCzoH,gN;0012: C, 39.54; H, 3.10; N,
15.37. Found: C, 40.42; H, 3.13; N, 15.55%. FT-IR peaks (KBr, cm™"):
3198br (¥(OH)), 1643m (¥(C=N)), 1593s (v,s(OCO)), 1583s, 1516w,
1479s, 1436w, 1393w (v(OCO)), 1335s, 1295m, 1234w, 1152w,
1059w, 1017w, 840w, 775m. UV-is (diffuse reflectance, cm™"):
14 430 and 11 263.

Optical detection of volatile amines

A 0.5 mL glass vial containing compound 1 (10 mg) was placed
separately in a 10 mL glass vial containing a concentrated amine
solution (3 mL) (ammonia solution 28%, methylamine (MA) solu-
tion 40%, ethylamine (EA) solution 70%, ethylenediamine (EDA),
aniline (AL), benzylamine (BA), diethylamine (DEA), and triethyl-
amine (TEA)) and then sealed at room temperature. The products
were characterized by FT-IR and UV-vis diffuse reflectance spec-
troscopy, SEM, and PXRD techniques.

X-ray crystallographic study

The crystallographic study for 1 was carried out on a Bruker D8
Quest PHOTON 100 with a graphite-monochromated MoKa
radiation at 298 K. The data frame were collected and processed
using the SAINT routine in the APEX2 program.**** The dif-
fracted absorption can be gathered by SADABS.*® The crystal
structure was solved by the SHELXTL program via intrinsic
phasing and refined by full-matrix least-squares on F>.373 All
non-hydrogen atoms refined anisotropically and hydrogen
atoms were located at geometrically calculated positions and
refined isotropically in a riding manner. The crystallographic
data, selected bond lengths, and angles for compound 1 are
depicted in Tables 1 and 2.

Results and discussion
Synthesis and characterization

Compound 1 was prepared at room temperature by two
methods including the layering technique and the sonochem-
ical method. Sonochemical synthesis was simply performed in
a short time with a high yield. An obvious difference in the size
of the crystalline products prepared from two methods was
observed. According to the SEM images, the crystal size of 1 is
about 30 um and 6 um for the layering technique and the
sonochemical method, respectively (Fig. 1). To prove the phase
purity of the synthesized samples, powder X-ray diffraction

RSC Adv, 2021, 11, 12218-12226 | 12219
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Table 1 Crystallographic data for 1

Compound 1

Formula CuzCzoH5gN1001,
Molecular weight 911.24

T (K) 298(2)
Crystal system Triclinic
Space group P1

a (&) 7.5789(18)
b (&) 9.937(2)

c (&) 11.529(3)
o (deg) 106.045(6)
8 (deg) 104.318(7)
v (deg) 99.588(6)
Vv (A% 782.4(3)

zZ 1

Peald (g cm™) 1.934

@ (Mo Ko) (mm ™) 2.107
Data collected 2359

Unique data (Rjn)

R“wR, [1> 20(1)]

R,“/wR,” [all data]

GOF

Max./min. electron density (e A~3)

1465(0.1164)
0.0894/0.2246
0.1535/0.2598
1.071
1.072/—1.168

“R = Y|IFo| = |Fll/SZIFo|. © Ruy = {32 [w(Fol — [FF/SwlFol .

Table 2 The selected bond lengths (A) and angles (°) for 1

Compound 1

Cul-N5' 2.003(9) 03-Cu1-03' 180.00
Cul-N5 2.003(9) N5'-Cu1-06 89.65(4)
Cu1-03 1.989(7) N5-Cu1-06 90.35(4)
Cu1-03' 1.989(7) 03-Cu1-06 94.80(3)
Cul-06 2.519(7) 03'-Cu1-06 85.20(3)
Cul-06' 2.519(7) N1-Cu2-N4 168.6(4)
Cu2-N1 2.018(9) N1-Cu2-N2 87.8(4)
Cu2-N4 1.997(9) N4-Cu2-N2 101.9(4)
Cu2-N2 2.044(11) N1-Cu2-01 90.7(3)
Cu2-01 2.111(8) N4-Cu2-01 79.5(3)
Cu2-05 2.088(10) N2-Cu2-01 120.3(4)
N5'-Cu1-N5 180.0(3) N1-Cu2-05 92.2(4)
N5-Cu1-03 97.2(3) N4-Cu2-05 88.5(4)
N5-Cu1-03 82.8(3) N2-Cu2-05 116.9(4)
N5-Cu1-03' 82.8(3) 01-Cu2-05 122.8(4)
N5-Cu1-03' 97.2(3)

“ Symmetry code for 1: (i) 1 —x,1 —y, 1 — z.

(PXRD) was performed (Fig. S1T). Both the experimental patterns
are identical to that of the simulated 1 from the single-crystal X-ray
data, indicating the purity of the crystalline phase of the synthesized
products. The FT-IR spectrum of 1 (Fig. S2}) reveals a broad peak in
the 3000-3500 cm ™" region, which is attributed to the stretching
vibrations of the N-H and O-H groups from dpyam and water
molecules, respectively.*>*! The medium peak at about 1640 cm™ " is
attributed to the stretching vibration of the pyridine ring.*>* The
peaks at approximately 1600-1400 cm ™ * are ascribed to the asym-
metric and symmetric stretching vibrations of the carboxylate group
for the pzdc ligand.***

The UV-vis diffuse reflectance spectrum of 1 (Fig. S3T) was
performed. Compound 1 exhibits broad absorption bands at
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Fig.1 SEMimages of 1 prepared by (a) the layering method and (b) the
sonochemical method.

about 14 400 and 11 200 cm ™}, which are attributed to distorted
octahedral and trigonal bipyramidal geometries for Cu(u),
respectively.*®*” The thermal stability of 1 was examined by
thermogravimetric analysis (TGA) under an N, atmosphere in
the range of 35-750 °C. As shown in Fig. S4, the TG curve
displays a weight loss of 7.92% from 130 to 250 °C, corre-
sponding to the release of four coordinated water molecules
(caled 7.91%), then its framework begins decomposing at
270 °C.

Crystal structure of [Cu;(pzdc),(dpyam),(H,0),] (1)

Single crystal X-ray diffraction analysis reveals that the asym-
metric unit of 1 consists of two crystallographically indepen-
dent Cu(n) ions (Cul, Cu2), one pzdc®~ ligand, one chelating
dpyam ligand, and two coordinated water molecules. Each Cul
ion lies on a crystallographic inversion center, showing a dis-
torted octahedral geometry (Fig. 2a). The coordination sphere of
the central Cul is completed by two carboxylate oxygen atoms
(03, 03A) and two pyrazole nitrogen atoms (N5, N5A) from two
different pzdc®~ ligands in the basal plane, and the axial posi-
tion is occupied by two oxygen atoms (06, O6A) from two
coordinated water molecules. The terminal Cu2 shows distorted
trigonal bipyramidal geometry (t = 0.76, Addison's parameter t
= 0 for square pyramid and t = 1 for trigonal bipyramid).***
The basal plane is composed of N2 from dpyam ligand, O1 from
carboxylate group, and O5 from coordinated water molecule.
The axial position is occupied by N1 from the dpyam ligand and
the N4 of the pyrazole ring from pzdc®~ ligand. The Cu-N and
Cu-O distances fall in the range of 1.989(7)-2.111(8) A. The
elongated axial Cul-O distance is 2.519(7) A, indicating the
presence of a common Jahn-Teller effect in the Cu(u) ion.*>**
Two pzdc®~ ligands bridge Cul and Cu2 ions in a u,-n°N,O,
N°N’,0’ coordination mode, constructing the trinuclear Cu(n)
unit. The Cul--Cu2 distance via p,-pzdc®~ is 4.404(2) A. The 3D
supramolecular structure of 1 is constructed by intermolecular
hydrogen bonding involving carboxylate oxygen atoms from
pzdc®~ as hydrogen acceptor and donor from dpyam ligand and
water molecules (Table 3), and m-m stacking interactions
between adjacent dpyam ligands with Cg---Cg separation of
3.707(8) and 3.614(8) A, where Cg is the centroid of the pyri-
dine’'s ring (Fig. 2b and c).

De-/rehydration induced reversible structural transformation

To study the water-induced structural transformation of 1, the
green crystals of 1 were heated at 250 °C for 1 h (denoted as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The trinuclear Cu() complex of 1 with atom labeling
scheme. The ellipsoids are shown at 50% probability level. All hydrogen
atoms are omitted for clarity (symmetrycode:tA=1—-x,1—-y,1—2). (b
and c) 3D packing diagram of 1 built by hydrogen bonds and m—-m
stacking interactions.

dehydrated 1). The green crystals of 1 turned dark cyan in color
and lost their crystallinity (Fig. 3). The UV-vis diffuse reflectance
spectrum of dehydrated 1 exhibits blue-shifted absorption
broadband with A, of about 14 815 cm™* which agrees with
the alteration of color from green to dark cyan (Fig. S51). The

Table 3 Intermolecular hydrogen bond length/A and angles/° in 1

D-H--A dD-H)/A  d(H--AJA dD--AJA  £(DHA)P
N3-H3:-04' 0.86 2.06 2.895(14) 165
05-H1---02"  0.85 1.99 2.789(13) 158
06-H11---04""  0.90 2.09 2.946(14) 157
06-H13---02"  0.90 1.98 2.791(13) 150
C3-H3A-01Y  0.93 2.54 3.280(16) 137

¢ Symmetry code for 1: (i) x,y, 1 +2; (i) 1 — x, —y, 1 — z; (iii) —1 + x, ), 2;
(iv1—x,—y,2—-2z

© 2021 The Author(s). Published by the Royal Society of Chemistry
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FT-IR spectrum of dehydrated 1 exhibits a strong broad peak at
about 3000-3500 cm ™, corresponding to the vibration of N-H
of dpyam.*>** Compared with the FT-IR spectrum of 1, the peak
at 428 cm ™! is assigned to ¥(Cu-Oyaee;) and it disappears after
the dehydration process (Fig. S61).°*** Also, the TG curve was
used to confirm that the coordinated water molecules are
completely removed after heating. The dehydrated 1 is stable up
to 270 °C (Fig. S71). As shown in Table S1,} elemental analysis
indicates that the chemical composition of dehydrated 1
corresponds to [Cus(pzdc),(dpyam),] (Anal. Caled for CuzCso-
H,oN100g: C, 42.94; H, 2.40; N, 16.69%. Found: C, 42.88; H,
2.26; N, 16.38%)

According to the PXRD pattern (Fig. 4), the dehydrated 1
significantly loses its crystallinity and becomes amorphous.
Furthermore, the initial crystalline phase of 1 can be recovered
by soaking dehydrated 1 in water for 2 days, as confirmed by FT-
IR and UV-vis diffuse reflectance spectra, TGA, CHN, and PXRD.
According to the above results, water molecules play a key role
in the structural stability of 1 because the 3D supramolecular
structure of 1 is constructed by hydrogen bonds between coor-
dinated water molecules and organic ligands. Therefore, the
packing structure of 1 collapsed after the loss of coordinated
water molecules, leading to an amorphous phase. After the
rehydration process, the water molecules can cause the trans-
formation of the amorphous phase to the initial crystalline
phase through intermolecular hydrogen bonding, which occurs
through the dissolution process. This result indicates the flex-
ibility of the supramolecular framework of 1.

Solvent-induced structural transformations

Two 5-coordinated Cu(u) centers in a trinuclear unit of 1 are
weakly coordinated by a water molecule; therefore, these Cu(u)
sites can be occupied or replaced by guest molecules, leading to
the structural transformation and change of color. To explore
the influence of the guest molecules on the change in the color
of 1, the green crystals of 1 were immersed into different
solvents (methanol (MeOH), ethanol (EtOH), propanol (PrOH),
butanol (BuOH), dimethylformamide (DMF), acetone, and
acetonitrile). The color of 1 was changed from green to greenish
blue in MeOH media (denoted as MeOH@1) after 20 minutes.
In comparison, compound 1 displays a negative response when
exposed to methanol vapor. Compound 1 shows no significant
color change in other solvents after 1 day. The FT-IR spectrum
of MeOH@1 shows strong broad peak in the range of 3000-
3550 cm ', which are assigned to the stretching vibration of
O-H from water and methanol. The appearance of vibrational
peak at 1075 em™ " corresponds to the »(C-O) of methanol
(Fig. S81).**® The UV-vis diffuse reflectance spectrum of
MeOH@1 shows the blue-shifted broadband with A, of about
14 250 cm ™', which agrees with the alteration in the color from
green to greenish blue. This indicates that the coordination
environment of the Cu(i) center is changed (Fig. S97). The PXRD
pattern of MeOH@1 significantly differs from that of the orig-
inal 1, indicating guest-induced structural transformation
(Fig. 5). In addition, the SEM images of 1 and MeOH@1 show
the different morphologies and sizes that can confirm the

RSC Adv, 2021, 11, 12218-12226 | 12221
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MeOH

1’ MeOH@1

structural transformation of 1 occurring through the dissolu-
tion process under methanol media. It is worth mentioning that
1 does not exhibit a change in the color and structural trans-
formation upon contact with other common organic solvents,
which corresponds to the PXRD patterns (Fig. S107). Therefore,
the structural transformation with solvochromism is selective
toward methanol since methanol has a tiny size and strong
coordination ability.>® Thus, it is easily accessible to the inner
coordination sphere, causing the important structural
change.®®* Also, 5-coordinated Cu(u) centers in a trinuclear unit
have vacant sites that are possibly possessed by methanol
molecule. To study the reversibility, MeOH@1 was immersed in
water for 6 h, after which the color of MeOH@1 was restored to
the color of the initial 1 (denoted as 1'). The reversible structural
transformation of MeOH@1 is confirmed by PXRD, SEM, and
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Fig. 4 PXRD patterns of 1 after the dehydration and rehydration
process.
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EtOH
PrOH
BuOH
Acetone
CH,;CN

DMF

Fig. 3 Color responses of 1 induced by the dehydration and rehydration process and different solvents.

FT-IR as well as UV-vis diffuse reflectance spectrum (Fig. 5, 6, S8,
and S97).

Optical detection of volatile amines

The green powder of 1 was exposed to different saturated amine
vapors (Fig. S11f) including ammonia, primary amines
(methylamine (MA), ethylamine (EA), and ethylenediamine
(EDA), aniline (AL), and benzylamine (BA)), secondary amines
(diethylamine, DEA) and tertiary amines (triethylamine, TEA).
Compound 1 exhibits different responses to various amine
vapors, as shown in Fig. 7. The green color of 1 became light
blue completely upon exposure to ammonia within 30 min and
turned indigo when exposing to methylamine within 45 min,
became blue when exposing to ethylamine for 3 h, and turned
violet upon exposure to ethylenediamine for 8 h. However, no

lV
£l
&
&
ES MeOH@1
g
=
E
= 1
T v T T T T T T 1
10 20 30 40 50

29(degree)

Fig. 5 PXRD patterns of 1, MeOH@1, and 1'.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LM e s
MA EA EDA AL BA
3
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Tertiary amine

TEA

Ammonia

Fig. 7 Photographs of 1 after exposure to different amine vapors.

appreciable color response occurs in other amines. To verify the
selective vapochromic mechanism of 1, the FT-IR and UV-vis
diffuse reflectance spectra, SEM, and PXRD patterns of the
exposed samples were investigated. According to the FT-IR
spectra, NH;@1, MA@1, EA@1, and EDA@1, the character-
istic peak of ¥(M~-Oyyater) at 428 cm™ " disappears and new peaks
for each product is grown at 403 cm ™" for NH;@1, 402 cm ™" for
MA@1, 419 cm ™! for EA@1, and 403 cm ™' for EDA@1, which
can be assigned to the vibration band of M-N,nine (Fig. 8 and
S12-S15%).54%2%* The results indicate the coordination of amine
molecules to Cu(u) centers. The UV-vis diffuse reflectance
spectra of NH;@1, MA@1, EA@1, and EDA@1 (Fig. S12-S157)
show blue-shifted absorption broadband at about 14 770-
17 180 em™ ', indicating that the coordination environment
around the Cu(u) centers in 1 is changed, affecting the

NH;@1 in air

V(M-0)

Transmittance (%)

T T
500 450 400
Wavenumber (cm™)

Fig. 8 FT-IR spectra of 1, NHz@1, and NHz@1l in air.
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Fig. 9 PXRD patterns of 1, NHz@1, and NHz@1 in air.

discoloration of 1. The PXRD patterns of the vapochromic
products are different from that of original 1, implying guest-
induced structural transformation (Fig. 9 and $S12-S15%). The
structural transformation of the amine-treated products was
also characterized by SEM (Fig. 10). The products show the
considerable differences in the morphology and size, further
confirming the structural transformation of 1 via the dissolu-
tion process under the saturated ammonia, MA, EA, and EDA
vapors. As described above, compound 1 shows different color
responses to ammonia and primary amines (methylamine,
ethylamine, and ethylenediamine), which possess relatively
small alkyl groups, while other bulkier primary (aniline and
benzylamine), secondary amines (diethylamine), and tertiary
amines (triethylamine) give a negative response (Fig. S167). It
seems that the selective response is correlated with the molec-
ular size, especially the size of the substituents around the N
atom. The small amine molecules could interact with the
structure of 1 through hydrogen bonds (N-H---O, N-H---N, O-
H---N, and C-H---N) and weakly bind with Cu(u) ion within the
internal coordination sphere, leading to structural trans-
formation. Meanwhile, interactions between the structure of 1
and the bulkier amines are sterically restricted, especially
tertiary amines that do not contain a hydrogen donor site.
Moreover, the different vapochromic response times are
potentially attributed to the different vapor pressures of amines
(635 hPa (20 °C), 370 hPa (25 °C), 460 hPa (20 °C), 12 hPa (20 °C),
0.5 hPa (20 °C), 1.2 hPa (20 °C), 250 hPa (20 °C), and 69 hPa (20
°C) for ammonia, methylamine, ethylamine, ethylenediamine,
aniline, benzylamine, diethylamine, and triethylamine, respec-
tively).®> To study the reversibility, the amine-treated products
can be switched to the initial green after standing in air for 2
days for NH;@1, and a week for MA@1 and EA@1. On the other
hand, the recovery of EDA@1 cannot be achieved. The FT-IR
and UV-vis diffuse reflectance spectra, and PXRD profiles of
NH;@1 in air, and MA@1 in air, and EA@1 in air are identical
with that of 1, confirming the reversible structural trans-
formation. Moreover, the SEM images of NH;@1 in air, MA@1
in air, and EA@1 in air display the same morphology and size
with that of original 1 (Fig. 10). Meanwhile, EDA@1 exhibits

RSC Adv, 2021, 11, 12218-12226 | 12223
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EA@]1 in air

EDA@1

Fig. 10 SEM images of 1 (sonochemical method), NHz@1, NHz@1 in air, MA@1, MA@1 in air, EA@1, EA@1 in air, and EDA@1.

irreversible structural transformation due to the strong
chelating ability of EDA.%*¢®

Test strip for volatile amine detection

To produce a convenient test strip for qualitative volatile amine
detection, we prepared a test paper denoted as 1-paper. 1-paper
can be easily prepared by adding filter paper into the mixture
solution of Cu(NOj3),-3H,0, Hzpzde, and dpyam, followed by
sonication for 30 min; the green 1-paper was obtained.
According to the SEM image of 1-paper (Fig. S177), the micro-
crystals of 1 were coated throughout the filter paper compared
with the blank filter paper. As shown in Fig. 11, the green color
of 1-paper became light blue, indigo, blue, and violet when
exposed to saturated ammonia, methylamine, ethylamine, and
ethylenediamine vapors for 10 min. On the other hand, 1-paper
is still silent to sterically hindered amines including aniline,
benzylamine, diethylamine, and triethylamine after 1 day. The
change in the color of 1-paper correlates with the UV-vis diffuse
reflectance spectra of amines@1-paper, which clearly exhibits
blue-shifted absorption broadband (Fig. S18%). The results
suggest that both 1-paper and 1 show similar selective response
to ammonia, methylamine, ethylamine, and ethylenediamine.
In addition, the vapochromic response time of 1-paper is faster

12224 | RSC Adv, 2021, 11, 12218-12226

than that of a bulk sample of 1 under saturated amine vapors
because it has a higher surface area and better coverage on
a filter paper. To study the reusability, NH;@1-paper, MA@1-

1-paper

Fiis
R
B

L
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il B N B B
B :

MA EA EDA AL BA

Secondary amine .

DEA

e

Tertiary amine

il

TEA

Fig. 11 Photographs of 1l-paper after exposure to different amine
Vapors.

Ammonia
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paper, EA@1-paper, and EDA@1-paper were stood in air. The
original green paper can be recovered after 1 day for NH;@1-
paper and 5 days for MA@1-paper and EA@1-paper, while
EDA@1-paper shows no reversibility. The UV-vis diffuse reflec-
tance spectra of NH;@1-paper, MA@1-paper, and EA@1-paper
in air are also reversible (Fig. S187).

Conclusions

The 3D supramolecular structure based on open coordination
sites of trinuclear Cu(u) unit was synthesized and structurally
characterized. Compound 1 exhibits color and structural
changes as a result of the dehydration process and methanol
media. The pristine state can be recovered by water-induced
structural rearrangement. Also, 1 shows reversible differen-
tiable detection and noticeable color responses to different
types of saturated volatile amines, and the mechanism can be
attributed to the guest-induced structural transformation. The
selective and discriminative vapochromism towards amines is
due to the different molecular sizes of amines, the steric
hindrance around the N atom, and the coordination ability of
amine. Furthermore, 1 was easily deposited onto filter paper by
sonochemical synthesis for 30 min, which can be possibly used
as a portable test paper for discriminative naked-eye detection
of saturated amine vapors.
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