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ABSTRACT ARTICLE HISTORY

A new highly water stable bismuth-containing coordination poly- Received 31 January 2021
mer is reported along with its structural characterizations as Accepted 15 April 2021
determined by single crystal and powder X-ray diffraction, elem-

ental, and thermal analysis, featuring an orange-red photolumi- KEYWORDS
nescence, and proton conductivity. The compound, (Imi),[Bi, Bgr’:};ﬁicoor;dz'izit_fg_
(pzdc)4]-2H,0 (1, pzdc® = pyrazine-2,3-dicarboxylate; Imi= polymer; py !

dicarboxylic acid; water
stable; photoluminescence;
proton conductivity

imidazolium cation), crystallizes in the monoclinic space group,
P2,/c (a=14.3725(7) A, b=22.4499(10) A, c=11.5204(6) A, and
£ =91.1183(16)°), which contains 2D layers of Bi that are con-
nected into a 3D supramolecular structure via extended hydrogen
bond network. The interlayered voids are occupied by lattice
water and imidazolium ions. Compound 1 is synthesized using an
optimized, facile slow evaporation method leading to a water sta-
ble compound with a well-defined 1D hydrogen-bonded water
feature along the crystallographic a-direction that lead to a pro-
ton conductivity of 8.41 x 107° S.cm™" at 85°C and 95% RH.

Highly water stable;
Proton conductivity
=8.41x10° S-cm™ at
85 °C and 95% RH
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1. Introduction

Crystalline materials, especially metal-organic coordination polymers (MOCPs) built
from self-assembly of metal ions and organic ligands, have been investigated in the
field of proton conduction [1-7]. Distinct from other conventional proton conducting
materials, such as Nafion [8, 9] or polymers [10, 11], a well-defined structure and crys-
tallinity in MOCPs permit accurate identification of relevant structural information cru-
cial for understanding the proton-conduction routes and other mechanisms involved.
However, the lability of metal-ligand bonds in most MOCPs, linked to the mismatch
between the Lewis acid-base pairs based on the concept of Hard-Soft Acid-Base
(HSAB) principle [12], limits their applications especially in the presence of moisture,
variable pH, or high temperatures [13-15]. Stability for the required temperature
range, pH, and in the presence of water is essential for practical use of MOCP-based
proton conduction applications [16, 17]. Further, facile transport of charge through the
proton conductor is a prerequisite to effective ion conduction. An efficient ion conduc-
tion in MOCPs occurs via transport pathway of sites of similar proton affinity separated
by a minimum energy barrier [17]. Arrays of proton carriers which gave rise to proton
conduction pathways in MOCPs are typically introduced by grafting acidic groups
onto the framework backbones [18, 19] or via encapsulation of guest molecules such
as imidazole, ammonium ions, or volatile acids [20]. Imidazole molecules are often
incorporated to enhance the proton conductivities of crystalline and other porous
materials, especially in the so-called water assisted proton-conducting MOCPs which
rely on the presence of water molecules or hydrogen-bonding interactions with water
molecules [21, 22]. Incorporated imidazole molecules improve the proton conductivity
by increasing the concentration of protons in the materials. However, the exact spatial
arrangements of imidazole molecules and how they enhance the overall acidity and
hydrophilicity are not always clear [23].

In our quest to synthesize water stable MOCP, we opt for borderline Bi*" cation
and multidentate pyrazine-2,3-dicarboxylic acid (H,pzdc) with six potential donor
atoms, including soft N-donors of the pyrazine ring and hard O-donors of the carb-
oxylate group that are expected to lead to the construction of a highly stable and
ordered framework with Bi*". The presence of N-donor ligands in the coordination
sphere of borderline or soft cations increases the thermodynamic stability of the
framework due to strong metal-N interaction leading to high bond dissociation
energy [12, 24]. In addition to this, Hypzdc also enables formation of highly hydrophilic
materials that can bind water selectively, owing to its back-donation feature [25]. In
addition, both Bi*" [26-31] and pzdc?- [32] based MOCPs have been of interest,
owing to their potential use for optically related applications.

Herein, we report a new, highly stable Bi**-based 2D MOCP, (Imi);[Biy(pzdc)4]-2H,0
(1, pzdcz" = pyrazine-2,3-dicarboxylate, Imi =imidazolium cations) synthesized using a
simple, low temperature dissolution-slow evaporation method, featuring high water
stability, 1D hydrogen-bonded lattice water and imidazolium ions along the ag-direc-
tion that leads to proton conductivity of 8.41 x 10°° S-cm™' at 85°C and 95% RH. Its
optimized synthetic condition, structural, thermal, and photophysical characterizations
and water stability, as well as proton conductivity, are presented.



Table 1. Crystal data and structure refinement of 1.2
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Empirical formula

C3OHZZBi2N12018

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

1256.55
100(2) K

0.71073 A
Monoclinic

P 2:/c
a=14.3725(7) A
b=22.4499(10) A
c=11.5204(6) A

o =90°
=91.1183(16)°
y=90°
Volume 3716.5(3) A
Z 4
Density (calculated) 2.246 g/cm3
Absorption coefficient 9.555 mm’™”’
F(000) 2384
Crystal size 0.175 x 0.051 x 0.034 mm?
0 Range for data collection 2.30 to 28.35°
Index ranges -19< =h< =19, —29< =k< =29, —15< =I< =15
Reflections collected 115677
Independent reflections 9267 [Rin: = 0.0]
Completeness to 6 =28.35° 99.3%
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 9267 / 6 / 571
Goodness-of-fit 1.102
Final R indices [/ > 2o(/)] Robs = 0.0229, wWR,,s = 0.0438
R indices [all data] R = 0.0297, wR,; = 0.0454
Largest diff. peak and hole 1.501 and —2.461 e-A*

1/Z

R =Y |IFol = IFell/ S [1Foll.wRy = {Sw(F — F)*)/ SIw(R3)")} .

2. Results and discussion

Compound 1 was synthesized via a simple and facile slow evaporation reaction
between Bi(NOs);-5H,0 and Hypzdc in DMF/H,0 (1:1) mixed solvents, in the presence
of imidazole, under optimized conditions. Single-crystal X-ray diffraction analysis
reveals that colorless plate crystals of 1 crystallize in the monoclinic P2,/c space group
with a=143725(7) A, b=22.4499(10) A, c=11.5204(6) A, and S=91.1183(16)°.
Relevant crystallographic data from the single-crystal structure refinement are found in
Table 1. Selected interatomic distances and angles are summarized in Table 2. The
asymmetric unit of 1 contained two Bi** ions, four equivalent pzdcz' molecules, two
lattice water molecules, and two lattice imidazolium ions (Figure 1(a)). Each Bt is
nine-coordinate, surrounded by seven oxygen and two nitrogen donors from five
pzdc? ligands completing the coordination sphere, giving a distorted bicapped pen-
tagonal bipyramid of (Bi(1)N,O,) and (Bi(2)N,O,) (Figure 1(b)). All the Bi*" polyhedra
are holodirected containing stereochemically inactive lone pairs (Figure 1(b)). The
pzdc®” ligands in this compound adopt different coordination modes, e.g. 0,0-chela-
tion, monodentate, as well as N,O-chelation, including uncoordinated oxygen atoms
(Supporting Information Figure S1).

The whole structure of 1 is composed of Bi(1) and Bi(2) chains which are bridged
by pzdc?®™ ligands in an N,O-chelation mode via O5, N3, and O7, N4 forming a 2D layer
along the ac plane (Figure 2(a)). Each Bi(1) center is connected to another Bi(1)
through pzdc?™ ligand in a chelation mode through O1, 02 and 03, 04, and another
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Table 2. Representative bond lengths (A) and angles (°) for 1.2

Label Distances/Angles
2.321(2)

1)#3 136.76(9)

)

3)-Bi(2

)-Bi(2)

3)-Bi(2)-0(11)#3 78.85(9)
)-Bi(2)

) )#3 92.93(9)
3

)

11)#3-Bi(2)-N(4) 68.90
13)-Bi(2)-N(7) 66.81
0(7)-Bi(2)-N(7) 141.53(9)

(

2Symmetry transformations used to generate equivalent atoms: (1) x = 1, y, z (2) x,
-y+1/2,z4+123) x, -y+1/2,z-1/2 (4 x+1,y, z

pzdc?” further connects the adjacent Bi(1) center via N3, 05, and 06 in an N,O-chela-
tion and monodentate O, leading to a 1D chain of Bi(1) along the c-axis (Supporting
Information Figure S2(a)). Similar connections are also observed between Bi(2) centers
via chelation mode (09, 010 and O11, 0O12) of the same pzdcz' ligand, and N,0O-chela-
tion mode as well as monodentate modes (N3, 013, and O14) of another pzdcz' lig-
and, also leading to Bi(2) chains along the c-axis (Supporting Information Figure S2(b)).

Along the a-axis, two lattice water molecules (H17W and H18W) are hydrogen
bonded to the coordinated carboxylate O (O1, 02, O11, and O12) arranged pointing
to outer sides of the 2D layers forming a network of hydrogen bonds on top and



JOURNAL OF COORDINATION CHEMISTRY 5

(b)

016

Figure 1. (a) Asymmetric unit and atomic labeling of 1. (b) The holo-directed bismuth centered
polyhedra of Bi(1)O;N, and Bi(2)OsN,.

below the 2D layers (Supporting Information Figure S3). The oxygen of lattice water
(O17W) is also hydrogen bonded to the H10A of the imidazolium ion further pointing
outside the 2D layer (Supporting Information Figure S3(b)). Free uncoordinated carb-
oxylate O (O15) is also hydrogen bonded with another imidazolium ion (Supporting
Information Figure S3(b)).

Neighboring 2D layers are connected through hydrogen bonding between the imi-
dazolium ions and N2/04 of the pzdc®™ ligand along the b-axis (Figure 2(c) and
Supporting Information Figure S3), forming a 3D supramolecular framework with inter-
layered voids filled with hydrogen bonded imidazolium ions and lattice water mole-
cules (Figure 2(d) and Supporting Information Figure S3). Bi-O bond distances range
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» Bil chain (b)

|y Bi2 chain

Figure 2. (a) A single 2D layer viewed along the ac-plane; (b) a 2D layer showing alternating Bi(1)
and Bi(2) chains along the g-axis; (c) 3D supramolecular framework of 1 with network of H-bonds
connecting the neighboring 2D layers; (d) 3D supramolecular structure with interlayer voids filled
with H-bonded imidazolium ions and lattice water molecules.

from 2.321(2)-2.800(3) A, and Bi-N bond distances range from 2.512(3) to 2.567(3) A,
typical of Bi*"- based compounds [27, 30, 33-41].

Crystallinity and phase purity indicating the presence or absence of polymorphs
can be detected by powder X-ray diffraction (PXRD). The purity of 1, plate crystals,
was checked using PXRD. The powder diffraction patterns of 1 matched exactly with
the calculated patterns of the single crystal structural data as shown in Figure 3, dem-
onstrating that within the resolution and detection limit of PXRD, the reaction prod-
ucts used for further physical characterizations are of single phase, and no additional
polymorph is present or unreacted starting material remains in the samples. The
morphology of the bulk crystals shows plate-like crystals as shown in optical image,
with the corresponding white color (Supporting Information Figure S4).

2.1. Water stability

Realizing that the structure has a fully 2D coordination framework, featuring also an
extended hydrogen-bonded lattice water and imidazolium ions between the 2D layers,
it then becomes imperative to check the water stability of 1. The stability was tested
by soaking it in water for 2 months at room temperature as well as refluxing in water
for 1day. Interestingly, the structure is still maintained after soaking for 2 months and
1 d reflux; in both patterns, there is no indication of product decomposition and the
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Figure 3. PXRD patterns of 1 showing simulated (bottom) vs. observed (top).

crystallinity is well preserved, which shows the robustness of 1 (Supporting
Information Figure S5).

Thermogravimetric analysis (TGA) under N, also shows that 1 has thermal stability
up to 350°C (Supporting Information Figure S6). The TGA thermogram shows an ini-
tial weight loss of 2.85% between 120°C and 350°C, agreeing well with calculated
initial weight loss of 2.87%, which correspond to two lattice water molecules per for-
mula unit. The thermogram shows a further weight loss of 53.81% between 350°C
and 450°C, equivalent to the loss of four pzdc® ligands which also agrees well with
single crystal data refinement with calculated value of 52.87%. These results agree
well with the CHN elemental analysis, confirming the formula obtained from
crystallography.

2.2. Evaluation of photoluminescence emission

Room temperature solid state emission of 1 including its optical image representing
its photoluminescence (PL) color emission is shown in Figure 4. When excited at
350nm, 1 emits an orange-red color with an emission maximum at 635nm. Free
H,pzdc has no apparent PL in the solid state at room temperature [42, 43]; the emis-
sion may be attributed to ligand-to-metal charge transfer (LMCT) as supported by
UV-Vis spectral analysis of 1 which shows disappearance of the peak at 260 nm in
H,pzdc compared to 1. Observation of LMCT is further indicated by the red-shift of
the ligand’s 320nm band to approximately 350nm in 1 (Supporting Information
Figure S7). Such electronic transitions are commonly observed in Bi-based coordin-
ation polymers [26, 28].
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- ——The compound

PL intensity (a.u)

540 560 580 600 620 640 660 680
Wavelength (nm)

Figure 4. Solid state PL emission of 1 excited at 350 nm with an insert showing its digital image
under a 365 nm UV lamp.

2.3. Proton conductivity

The presence of extended, hydrogen-bonded lattice water and imidazolium ions along
the a-direction may attract more dynamic lattice water into the interlayer void space.
This and the fact that the resulting compound is highly stable after 2 months of soak-
ing and 1day reflux in water, fulfill the general pre-requisite for proton conductivity
[44, 45]. Alternating current impedance analysis with controlled relative humidity (RH)
and temperature was used to measure proton conductivity of 1 using a pelletized
sample and the resulting conductivities were calculated from fitting of the Nyquist
plots (Figure 5(a)), while the corresponding Arrhenius plot of 1 is shown in Supporting
Information Figure S8. The activation energy for the proton transfer is calculated as
0.31 eV (Supporting Information Figure S8), which is in the higher end of that gener-
ally regarded for a Grotthuss mechanism, i.e. a less efficient proton hopping mechan-
ism. As shown in Supporting Information Table S1, the room temperature conductivity
increases with increasing of RH with highest value at 95% RH. A cycle of heating and
cooling at 95% RH results in the highest proton conductivity of 8.41 x 10°° S.cm™’, at
85°C and 95% RH (Supporting Information Table S2). Table 3 compares the proton
conductivity of some reported MOCPs with the current work, placing 1 among the
best [23, 46-49]. Post measurement PXRD (Post PC), Figure 5(b), shows that the PXRD
of the original phase is maintained with no additional phase after proton conductivity
measurements (Post PC), suggesting that the integrity of the structure is
well preserved.

The moderate proton conduction can be explained by considering the single crystal
structure. The presence of well-ordered guests enables structural determination, but at
the same time may imply lower mobility. Further, in 1, the proton conduction chan-
nels only propagate in one dimension (Supporting Information Figure S9), meaning
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Figure 5. (a) Nyquist plot of 1 at 95% RH with varied temperatures; (b) PXRD pattern of 1 after
proton conductivity (Post PC) measurements: Simulated (bottom) vs. Post PC (top).

that multidirectional efficient transport is a challenge and consequently, grain bound-
ary resistances would be enhanced [50]. Although the proton conductivity is of moder-
ate value for proton conducting MOCPs [44, 45], its high water stability and the fact
that lone-pair containing compounds are adaptable to defects [51-54], the proton or
ionic conductivity of 1 may be increased by cation exchange with highly mobile ions
or incorporating a highly mobile guest cation that facilitates ion conductivity.
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Table 3. Proton conductivity of some MOCPs vs. current work.

MOCPs Temp. (°C) % RH Conductivity (S-em™ Ref.
(Imi)[Biy(pzdc)4]-2H,0 85 95 8.41x 10° This work
Fe-MOF 60 98 125 %10 [23]
Im@Fe-MOF 60 98 423 %107 [23]
Im-Fe-MOF 60 98 1.21 x 107 [23]
Ni(BDC)@Imidazole 90 Anhydrous 6.04 x 10° [46]
Imi@[Al(p,-OH)(1,4-ndc)],, RT Anhydrous 550 x 10 [47]
Imi@[Al(,-OH)(1,4-ndc)],, 120 Anhydrous 220 % 10° [47]
Imi@[Al(u,-OH)(1,4-bdc)],, 120 Anhydrous 1.00 x 107 [47]
Imi@Ui0-67 120 Anhydrous 144 x 103 [48]
{[(Me;NH,)3(S04)12[Znx(0x)3] } 4 150 Anhydrous 1.00 x 107 [49]
{[(Me;NH,)3(S04)1,[Zn,(0x)31} 150 98 1.00 x 107 [49]

3. Experimental
3.1. Materials and methods

All chemicals were of reagent grade and used without purification. Bi(NOs)s-5H,0, pyr-
azine-2,3-dicarboxylic acid, and imidazole were purchased from Sigma-Aldrich.
Thermogravimetric analysis (TGA) was recorded on a Perkin Elmer TGA 6
Thermogravimetric analyzer under air using 5°C/min heating rate. Elemental analyses
were performed using a Perkin Elmer CHNS/O 2400 Series Il. Solid state UV-Vis spectra
were recorded on a UV-Vis-NIR Lambda 950. Solid state photoluminescence measure-
ments were performed using a FLS920, Edinburgh Instrument with steady-state time
resolved PL measurement capability.

3.2. Synthesis of (Imi),[Biy(pzdc),]-2H,0 (1)

A mixture of Bi(NOs)3-5H,0 (0.1213g, 0.25mmol), pyrazine-2,3-dicarboxylic acid
(Hypzdc) (0.1009 g, 0.30 mmol) and imidazole (0.0204 g, 0.30 mmol) was dissolved in a
20 mL mixture of DMF:H,O 1:1 ratio while heating at 48°C and stirring for approxi-
mately 10 min. After filtration, the filtrate was left for slow evaporation. Plate crystals
with nearly quantitative yield were formed after 4 days. The final product was washed
thoroughly with fresh DI water, isolated by vacuum filtration, and dried at room tem-
perature. A quantitative elemental analysis calculated for 1, (C3oH,,Bi,N;,045): C, 28.67;
H, 1.76; N, 13.63%; and the CHN elemental analysis found for 1d, C, 28.55; H, 1.49; and
N, 13.25%.

3.3. X-ray crystallography

X-ray intensity data from a colorless plate of 1 were measured at 100(2) K using a
Bruker D8 QUEST diffractometer (Mo Ka radiation, 1=0.71073A). Direct methods
structure solution, difference Fourier calculations and full-matrix least-squares refine-
ment against F> were performed with SHELXTL [55]. Hydrogens of the ligand were
placed in geometrically idealized positions and included as riding atoms. The water
hydrogens (x=0.7) were located in difference maps and refined isotropically with their
O-H distances restrained to be similar.
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3.4. Powder X-ray diffraction

Ground mixtures of single crystals of the samples were used to collect powder X-ray
diffraction patterns using a PanAlytical X'Pert Pro Powder Diffractometer (Cu Ko radi-
ation 4 =1.5418 A) over the 20 range of 5—50°, with a step size of 0.02° and a scan
speed of 0.25°/min. The measured patterns were compared to the simulated diffrac-
tion patterns using the single crystal data.

3.5. Proton conductivity measurement

Electrochemical impedance measurements were performed on a Princeton Applied
Research VersaSTAT3 potentiostat/galvanostat with environment maintained by an E-
Spec BTL-433 humidity-controlled oven. Experiments were performed in air, at 25°C
and 85°C while humidity levels maintained at 95% relative humidity (RH), after a full
cycle of RH variation (from 35% to 95%) at constant 25°C. The samples were finely
ground to a powder by mortar and pestle prior to loading in custom dual-sample 2-
probe cells with titanium electrodes. Electrodes were hand tightened, then tightened
to an unknown pressure (with a screwdriver) to ensure good contact. Cell (sample)
lengths were between 0.15 and 0.3 cm, with a 0.317 cm diameter. At a minimum two
full heating/cooling cycles were performed with a minimum of 24 h between tempera-
ture points. Duplicate measurements were obtained sweeping from 1 MHz to 0.1Hz
and then in reverse. Data were collected using VersaStudio software (version 2.1).
ZView Software was used to fit impedance data sets by simulating an equiva-
lent circuit.

4, Conclusion

We synthesized a new and highly water stable 2D Bi MOCP by combining pyrazine-
2,3-dicarboxylic acid ligand and Bi*" using a simple and facile slow evaporation
method with addition of imidazole required to obtain a nearly quantitative yield.
Compound 1 featured a 2D layered structure connected by extensive 1D hydrogen
bonding due to the presence of lattice water and imidazolium ions in the interlayer to
give a 3D supramolecular structure. Solid state PL analysis shows that when excited at
350nm, 1 emits orange-red color with a broad peak at 635nm. Compound 1 further
shows a moderate proton conductivity of 8.41 x 10°° S.cm™' at 85°C and 95% RH
due to an extended hydrogen-bonded lattice water feature along the crystallographic
a-direction.
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