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A 2D wave-like layered framework based on benzotriazole-5-carboxylic acid (Hybtca), 2,2'-bipy and zinc
ions - [Zn(btca)(2,2"-bipy)l, (1) - has been resoundingly designed and synthesized by a solvothermal
method. By changing the solvent from DMF to DMA, a 3D porous framework — [Zn,(btca),(bpy)(H,O)l,-n(DMA)
(2) — was obtained. Complexes 1 and 2 have been determined by single-crystal X-ray diffraction analysis
and further characterized by powder X-ray diffraction (PXRD), elemental analysis, IR spectroscopy, and
thermogravimetric (TG) analysis. Complex 1 shows an AA packing 2D layered structure and complex 2
displays a 3D open honeycomb framework with a (3,4)-connected 2-nodal fsc topology. Moreover, gas
adsorption of 2a (the activated form of 2) and the luminescence properties of 1, 2 and 2a have also been
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Introduction

Rational design and assembly of porous metal-organic frame-
works (MOFs) have attracted much interest in the past few
decades due to their versatile intriguing architectures and
potential applications as multi-functional materials, such as
in gas adsorption and separation, sensing, catalysis, and drug
delivery.' Many functional MOFs of transition metal ions with
interesting architectures and topologies have been well-
established and synthesized successfully.> A number of fac-
tors might affect the structures and properties of MOF mate-
rials such as the choice of organic ligand, variety of metal
centers, solvents, the pH value of the solution, the tempera-
ture, the counter ions, the template and metal-to-ligand stoi-
chiometry, etc.> As we all know, organic ligands play a key
role in self-assembly and in determining the structural and
functional properties of porous MOFs.*
Benzotriazole-5-carboxylic acid (H,btca) is a good bridging
ligand for constructing multi-dimensional polymers and has
multiple coordination sites,” which involves three benzo-
triazole nitrogen atoms and two carboxylate oxygen atoms.
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The resonance structures of the multi-dentate rigid Hbtca™
ligand are shown in Scheme 1. Considering the structure of
H,btca, the introduction of nitrogen donor groups into the
organic ligand will enhance the energetics and the resultant
gas adsorption amount in MOF materials, such as CO,.® Fur-
thermore, H,btca bearing a triazole functionality may
improve the value of Qg (~5 kJ mol™), which was exempli-
fied by MTAF-3.” Moreover, derivatives of benzotriazole are
important ultraviolet absorbing compounds in industry.
However, to the best of our knowledge, 3D porous MOFs
based on the H,btca ligand are rarely reported. Li's group
reported a porous MOF, namely [Zn;(OH),(btca),]- DMF-4H,0
with both significant breathing effect and photoluminescent
response, during the gradual guest removal processes.®
Chen's group reported 3D homometallic MOFs, whose mag-
netic transitions could be induced by desolvation.” Huang
et al. presented a 3D framework with 1D honeycomb chan-
nels constructed by strip-shaped chains containing [Cus(s-
OH),(btca),]” pentaclusters bridging to the adjacent
Cug(btca);,°” cages.”” Han and Zeng described Mn-based
homometallic MOFs, which display high H, adsorption abil-
ity at a lower pressure.”

Meanwhile, the solvent is another very significant factor in
modulating the framework topology and the dimensionality

Scheme 1 Resonance structures of the Hbtca™ ligand.
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by acting as a coordination ligand or as a template for the
assembly.'” To some extent the kinetic and/or thermodynamic
conformers could be controlled by changing the solvent. The
coordination mode and the configuration of the ligand may
be affected seriously by the solvent, particularly for the flexi-
ble carboxylic and imidazole ligands."

Herein, we report two new MOFs [Zn(btca)(bpy)], (1) and
[Zn,(btca),(bpy)(H,0)],-n(DMA) (2) modulated solely by differ-
ent solvents based on the H,btca ligand and the Zn ions. The
luminescence properties and gas adsorption of 2a have also
been investigated intensively.

Experimental section
Materials and methods

All chemical reagents were used as commercially obtained
without further purification. The IR spectra were recorded on
a Nicolet 330 FTIR spectrometer in the range of 4000-400
em™'. The thermogravimetric experiments (TGA) were
performed using a Mettler-Toledo thermogravimetric ana-
lyzer. The powder X-ray diffraction experiments were mea-
sured using a Bruker AXS D8 Advance instrument diffractom-
eter working with Cu Ko radiation, and the recording speed
was 5° min~" over the 260 range of 5-50° at room temperature.
The photoluminescence spectra were recorded using a
Hitachi F-7000 fluorescence spectrophotometer. Elemental
analyses (C, H and N) were carried out on a Perkin-Elmer 240
elemental analyzer. Gas sorption measurements were
conducted using a Micromeritics ASAP 2020 system by using
various gases and temperatures. The fluorescence lifetimes
were measured on a FLS920 using a time correlated single
photon counting (TCSPC) method by excitation with a 375
nm picosecond laser (EPL 445). The data were deconvoluted
with the instrument response function, recorded with dis-
persed light, and fitted to a multi-exponential function. The
absolute fluorescence quantum yields were measured with an
integrating sphere.

Synthesis of complex 1

H,btca (5 mg, 0.03 mmol), 2,2"-bipy (9 mg, 0.05 mmol) and
Zn(NOj3),-4H,0 (22 mg, 0.07 mmol) were dissolved in a 1 mL
mixture of N,N-dimethylformamide (DMF) and H,O (v/v =1:1).
The clear solution was sealed in a glass tube and placed into
a programmed oven, slowly heated to 140 °C from room tem-
perature in 500 minutes, kept at 140 °C for 5300 minutes,
then slowly cooled to 30 °C in 800 minutes. A large amount
of colorless block crystals of 1 were separated in 84% yield
based on H,btca. Elemental analysis caled (%) for 1:
Cy,H,;N;0,Zn: C, 53.36; H, 2.90; N, 18.30. Found: C, 52.75;
H, 2.73; N, 17.99. IR data (KBr cm'): 1662(w), 1587(s),
1551(s), 1470(w), 1407(s), 1158(w), 1019(w), 771(m), 709(w).

Synthesis of complex 2

H,btca (5 mg, 0.03 mmol), 2,2"-bipy (9 mg, 0.05 mmol) and
Zn(NO3),-4H,0 (22 mg, 0.07 mmol) were dissolved in a 1 mL
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mixture of N,N-dimethylacetamide (DMA) and H,O (v/v = 1:1).
The clear solution was sealed in a glass tube and placed into a
programmed oven, slowly heated to 140 °C from room tempera-
ture in 500 minutes, kept at 140 °C for 5300 minutes, then
slowly cooled to 30 °C in 800 minutes. A large amount of color-
less block crystals of 2 were separated in 70% yield based on
H,btca. Elemental analysis caled (%) for 2: C,gH,5NgO6Zn,: C,
47.08; H, 3.53; N, 17.65. Found: C, 47.75; H, 4.01; N, 16.99. IR
data (KBr cm™): 3440(s), 1640(s), 1602(m), 1564(w), 1404(m),
1280(w), 794(w), 755(w), 599(w), 455(w).

Single-crystal X-ray structural analysis

The single crystal data were collected on a SuperNova diffrac-
tometer equipped with a molybdenum micro-focus X-ray
source (4 = 0.71073 A) and an Eos CCD detector under 293 K.
The data were collected with a m-scan technique and an arbi-
trary ¢-angle. Data reduction was performed with the
CrysAlisPro package,'® and an analytical adsorption correc-
tion was performed. The structures were solved by direct
methods and refined by full-matrix least-squares on F> with
anisotropic displacement using the SHELXTL software pack-
age." The non-H atoms were treated anisotropically, whereas
the aromatic and hydroxy hydrogen atoms were placed in cal-
culated, ideal positions and refined as riding on their respec-
tive carbon or oxygen atoms. The structures were examined
using the Addsym subroutine of PLATON"® to assure that no
additional symmetry could be applied to the models. The
crystallographic data has been deposited with the Cambridge
Crystallographic Data Center, CCDC 1062110 for 1 and
1062111 for 2. These data can be obtained from the Cam-
bridge Crystallographic Data Center, 12, Union Road, Cam-
bridge CB21EZ, U.K. Crystallographic data for 1-2 are sum-
marized in Table 1.

Results and discussion
Structure of complex 1

The crystals of 1 were obtained under solvothemal conditions
by mixing H,btca, 2,2"-bipy and Zn(NO;),-4H,0 in a mixture
of DMF/H,0 (1:1) at 140 °C for 3 days. Crystallographic stud-
ies revealed that compound 1 exhibits a 2D wave-like layered
framework and crystallizes in an orthorhombic system with
space group Phca. The asymmetric unit contains one Zn**
ion, one btca®” ligand and one coordinated 2,2"-bipy ligand.
As shown in Fig. 1a, the Zn>" center adopts a six-coordinated
distorted ZnN,O, octahedral environment, in which N1 and
N2 come from 2,2"-bipy ligand, N3 and N5 come from two
different btca®” ligands, and the remaining coordinated sites
are occupied by two oxygen atoms from one btca®" ligand.
The average Zn-N and Zn-O distances range from
2.14366(45) and 2.2446(64) A. The btca® ligand in 1 adopts a
tri-dentate coordination mode (Fig. 1b) to link three Zn cen-
tres via its two triazole nitrogen atoms (N3 and N5) and two
oxygen atoms (O1 and 02), which results in the 2D wave-like
layer of complex 1. Classical hydrogen bonds were not found
in complex 1. Finally, the 2D layers are in contact to form a

This journal is © The Royal Society of Chemistry 2015
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Table 1 Crystallographic data for complexes 1 and 2

1 2
Empirical formula Cy;H11N50,Zn C,5H,5Ng06Zn,
Formula weight 382.68 714.31
Temperature (K) 293(2) 293(2)
Crystal system Orthorhombic Orthorhombic
Space group Phbca Pbca
a (A) 17.4695(3) 18.580(4)
b (A) 8.64315(13) 9.962(2)
c (A) 19.7657(4) 32.732(8)
a (deg) 90.00 90.00
£ (deg) 90.00 90.00
7 (deg) 90.00 90.00
Volume (A%) 2984.44(8) 6058(2)
zZ 8 8
Peate (g cm™) 1.703 1.566
4 (mm™) 2.493 1.641
F (000) 1552.0 2912.0
Data/restraints/parameters 2656/0/226 6995/30/410
Goodness-of-fit on F* 1.053 1.114
Final R indices [I > 20(1)]" R, =0.0237, R, =0.0342
WR, = 0.0638 WR, = 0.0853
Final R indexes [all data]” R, = 0.0260, R, =0.0408
WR, = 0.0653 WR, = 0.0881

“ Ry = Y|IFo| = [Fe|[/521Fo|- wRy = [ w(Fs” = F2P /- w(Fo)]".

3D supramolecular framework in an AA stack fashion because
of C-H--'n and weak intramolecular hydrogen bond interac-
tions (Fig. 1c). Complex 1 features C-H---O intermolecular
hydrogen bonding interactions between C8 as the hydrogen
atom donor and O1 (C8-H8:--O1, H8 to O1 distance of 2.58 A,
C8-H8:--01 angle of 116°). Complex 1 also features intramolec-
ular C-H---N hydrogen bonding interactions between C17 as
the hydrogen atom donor and N4 (C17-H17:--N4, H17 to N4
distance of 2.38 A, C17-H17---N4 angle of 167(3)°) [symmetry
code: (a) -0.5 + x,¥, 0.5 - 2; (b) 1 - x, -0.5 +y, 0.5 - 2; (c) 0.5 +
x,9,05-2(d)1-x0.5+y,0.5-z]

Fig. 1 (a) The coordination environment of the Zn(i) atoms in
complex 1 (the hydrogen atoms are omitted for clarity). (b) The
coordination mode of the H,btca ligand. (c) The AA packing mode
structure of 1 viewed along the b axis.

This journal is © The Royal Society of Chemistry 2015
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Structure of complex 2

Crystals of 2 were obtained under solvothemal conditions by
mixing H,btca, 2,2"-bipy and Zn(NO;),-4H,0 in a mixture of
DMA/H,0 (1:1) at 140 °C for 3 days. Crystallographic studies
revealed that compound 2 crystallizes in an orthorhombic
system with space group Pbhca, and its asymmetric unit con-
tains two Zn*' ions, two btca ligands, one 2,2"-bipyridine,
and one lattice DMA molecule (Fig. 2a). Zn1 is four-
coordinated with one oxygen and three nitrogen atoms from
four different btca® ligands forming a tetrahedral geometry.
The Zn2 ion in 2 adopts a distorted trigonal bipyramidal
geometry. Each Zn2 ion is five-coordinated with one carboxyl-
ate oxygen atom from one btca®” molecule, one oxygen atom
from a coordinated water molecule, one nitrogen atom from
one btca®” molecule and two nitrogen atoms from one chelat-
ing 2,2"-bipy ligand. All the btca®” ligands are in u3 bridging
mode through two btca® nitrogen atoms and a p2:n11:n0 car-
boxylate group (Fig. 2b). One btca®” ligand links three four-
coordinated Zn1 centers and the other btca®” ligand connects
two five-coordinated Zn2 and one four-coordinated Zn1 cen-
tres, which give rise to the final 3D porous framework. The
DMA molecules are located in the pore of complex 2 by
hydrogen bonds between O1W from coordinated water and

@

03 Zn1°

(b)

Fig. 2 (a) The coordination environment of the Zn(1) atoms in
complex 2 (the hydrogen atoms are omitted for clarity). (b) The
coordination mode of the Hybtca ligand. (c) The 3D net structure of 2
along the b axis.
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05 from DMA (O1Wa-H1Wa---O5, H1Wa to O5 distance of
1.83 A, 01Wa-H1Wa---05 angle of 157°) [symmetry code: (a)
-x, -y, =z; (b) 0.5 — x, 0.5 +, z; (¢) —0.5 + x, y, 0.5 — z; (d) 0.5
-x,-0.5+y,2(e) 0.5+x,y, 0.5 - z].

From the topological point of view, the Zn1 atoms can be
defined as 4-connected nodes, the organic ligands can be
regarded as 3-connected nodes, and the [(Zn,),(btca),] dimer
unit can be simplified as linkers (Fig. 2¢). Thus, the overall
structure of 2 can be described as a 3D 2-nodal (3,4)-
connected fsc framework with a Schlifli symbol of {6*-8*}{6°}
calculated with TOPOS."” The potential free volume of 2 is
65.1% as calculated by PLATON (1.8 A probe radius) after
removal of the guest solvent molecules (Fig. 3).

Powder X-ray diffraction (PXRD) measurements were
performed to confirm phase purity. The experimental PXRD
is consistent with the PXRD pattern calculated based on the
crystal structure using Mercury 3.3 (Fig. S1 and S2, ESIY).
Thermogravimetric analysis (TGA) experiments performed on
the as-synthesized 1, 2 and 2a reveal moderate thermal stabil-
ities (Fig. S3, ESI{).

Gas adsorption measurements

The permanent porosity of complex 2a prompted us to inves-
tigate the gas adsorption ability. The measurement of the
adsorption properties of complex 2a was performed on a
Micromeritics ASAP 2020 system. Complex 2 was sequentially
exchanged with methanol and dichloromethane for three
days, and the degassing process was performed at 60 °C for 5
hours. The gas sorption capabilities of complex 2a were
investigated using several gases (N,, H,, CH,4, Ar and CO,) at
varying temperatures.

The permanent porosity of the activated sample 2a was
confirmed by the N, sorption experiment at 77 K. As shown
in Fig. 4, the fully activated sample reveals a typical type-I
behavior as expected for microporous materials, and the pore

>
T

- —

C
FUR
!

Fig. 3 (Left and right) Connolly surface representation along the b
and c axes, respectively, showing that complex 2 is porous and
comprises interconnected pores.
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Fig. 4 The nitrogen adsorption isotherms (up) at 77 K and the
corresponding pore size distribution curves (down) for 2a.

size is 1.48 nm, which is coincidental with the crystal struc-
ture. The adsorption isotherms of N, have an abrupt slope
from 0.01 to 0.1 bar, which reveals that the pores are filled as
the pressure is increased from 0.01 to 0.1 bar. Then the
uptake capacity of N, increases slightly and reaches a plat-
form at 98 cm®g™" at 1 bar. Derived from N, adsorption, the
Langmuir surface area of 2a is 426 m> ¢!, the Brunauer-
Emmett-Teller (BET) surface area and total pore volume are
384 m® g and 0.161 cm® g, respectively. The obtained pore
volume is much smaller than that (0.638 cm® g™') calculated
from the X-ray data, which is due to the reduced volume of
the activated phase of 2a after the lattice solvents were elimi-
nated. The desolvated 2a also adsorbs Ar, and the maximum
uptake amounts to 99.5 cm® g™' at 1 atm and 77 K (Fig. $4,
ESIT). The Brunauer-Emmett-Teller (BET) surface area, the
Langmuir surface area and the total pore volume obtained
from the Ar isotherm are 263 m”> g, 329 m” g 'and 0.412
em® g7, respectively.

The H, and CH, adsorption isotherms of activated 2a are
also measured. As depicted in Fig. 5, the activated 2a can
adsorb 56.5 cm® g (~0.5 wt%) of H, at 77 K and 1 bar and
14.5 cm® g (~1.0 wt%) of CH, at 273 K and 1 bar. The maxi-
mum H, uptake of 2a at low pressures is relatively lower than
the high capacity coordination framework reported to date,
such as Cu,(BPTC)'® and IRMOF-1,"° which display high
capacities of H, uptake (~2.47 wt% and 1.32 wt%) under
similar conditions (77 K and 1 atm). The isosteric heat of H,

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The H, and CH, sorption isotherms for 2a (left and right). H,:
red, 77 K; blue, 87 K. CHy: red, 273 K; blue, 295 K. Isosteric heats of H,
and CH, adsorption (Q) for complex 2a.

adsorption (Qy) value of complex 2a, determined by applying
the Clausius-Clapeyron equation to the isotherms obtained
at 77 and 87 K, is approximately 7.5 kJ-mol " at low coverage,
which is higher than those of non-N-containing MOFs, such
as the NOTT series (5.68-6.70 kJ mol™),>*® Cug(BTTC),(H,0)s
xS, (7.0 kJ mol *),2*” UMCM-150 (6.3 kJ mol "), MIL-100
(6.3 kJ mol *)>*? and MIL-102 (6.0 k] mol).2%¢ The isosteric
heat value of CH, is 21.6 kJ-mol ™, which was obtained at 273
and 295 K. Interestingly, the CO, adsorption isotherms of
activated 2a are also investigated. The CO, adsorption iso-
therm at 273 K indicated a clear terrace in the range of 155-
330 mmHg. After this pressure, the uptake volume suddenly
increased. This indicates that the structure could be trans-
formed into a new structure during this period of CO,
adsorption and the maximum uptake of CO, is 40.0 cm® g™".
The desorption isotherm also displayed a sharp step at 407
mmHg. When the measurement temperature was increased
to 295 K, the adsorption isotherm did not show the charac-
teristic step, and the uptake volume dramatically decreased
to 21.95 cm® g as shown in Fig. $5.f On the basis of the
stepped CO, isotherms with a large hysteresis between the
adsorption and the desorption branches at 273 K and signifi-
cantly decreased adsorption amounts at higher temperatures,
these results also imply that 2a is a dynamic framework.>"

Luminescence properties of complexes 1, 2 and 2a

The various interesting luminescence properties MOFs pos-
sess are ascribed to their application in chemical sensors,
photochemistry, electroluminescence display, and so on.*?
Generally, d' transition metal complexes are promising
materials that can exhibit photoluminescence properties.>* In
addition, organic ligands, their coordination modes and dif-
ferent metals, evidently affect the emission wavelength and
luminescence theory.>® In this work, the solid-state photo-
luminescence spectra of btca®”, complexes 1 and 2 have been
measured at room temperature (Fig. 6). The H,btca ligand
displays photoluminescence with an emission maxima at 362
nm (Aex = 300 nm), which can be ascribed to the n — 7* tran-
sitions.”> Upon complexation of H,btca and 2,2-bipy ligands

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 The luminescence spectra of H,btca, complexes 1 and 2.

with the Zn(u) ion, an intense emission is observed at 441
nm (lex = 330 nm) for 1 and 400 nm (L, = 295 nm) for 2,
respectively. Since the Zn(u) ions are difficult to oxidize or
reduce due to their d'° configurations, emission of complexes
1 and 2 is neither metal-to-ligand charge transfer (MLCT) nor
ligand-to-metal charge transfer (LMCT) in nature. Thus, emis-
sion of 1 and 2 is probably attributed to the intraligand n —
n* transitions modified by metal coordination. In compari-
son with H,btca, a red shift of 38 nm has been observed in 1
and 79 nm in 2, which are probably attributable to the differ-
ent coordination modes of the H,btca ligands. It may affect
the rigidity of the solid-state crystal packing and further
influence their luminescence emission bands. Furthermore, a
time-resolved luminescence study was performed on the com-
plexes 1, 2 and 2a by monitoring the most intense emission
at ambient temperature. The decay curves can be fitted well
as shown in Fig. 7, and the detailed data are listed in Table
S3 in the ESLf The 7 values of complexes 1, 2 and 2a were
fitted to a tri-exponential decay curve. The lifetime (7) is
defined as the time in which the fluorescence intensity
decays to 1/e of the initial intensity (I,,), where e is the natural
log constant and is equal to 2.718. The quantum yield (®) of
complexes 1, 2 and 2a were 2.72%, 2.85% and 4.35%,
respectively.

10000

Complex 1
Complex 2
Complex 2a

1000

100

Log(FL intensity)

T
100
Time/ns

Fig. 7 The solid state luminescence decay curves of complexes 1, 2
and 2a.
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Conclusions

In summary, two new MOFs based on H,btca and zinc -
[Zn(btca)(2,2"bipy)], (1) and [Zn,(btca),(bpy)(H,0)},-n(DMA)
(2) - have been designed and synthesized by modulating the
solvent. Complex 1 displays a 2D layered structure and com-
plex 2 shows a (3,4)-connected 2-nodal fsc topology. Gas
sorption for 2a gives a Langmuir surface area of 426 m> g,
56.5 cm® g ' (~0.5 wt%) of H, at 77 K and 1 bar and 14.5
em® g (~1.0 wt%) of CH, at 273 K and 1 bar. In addition,
the solid-state photoluminescence spectra of 1 and 2 exhibit
a red shift of 38 and 79 nm, respectively, compared to the
H,btca ligand.
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