
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 3
:0

2:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Modulating proto
aSchool of Chemical and Process Engineerin

E-mail: S.M.Collins@leeds.ac.uk
bSchool of Chemistry, University of Leeds, L
cBragg Centre for Materials Research, Unive
dDepartment of Chemical Engineering, Unive

UK
eZhejiang Provincial Key Laboratory of Adva

Technology, College of Chemical and Biol

Hangzhou, 310027, China

† Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d4ta01716a

Cite this: J. Mater. Chem. A, 2024, 12,
18440

Received 13th March 2024
Accepted 18th June 2024

DOI: 10.1039/d4ta01716a

rsc.li/materials-a

18440 | J. Mater. Chem. A, 2024, 12,
n conductivity through crystal
structure tuning in arenedisulfonate coordination
polymers†

Chao Sun,ab Christopher M. Pask, b Sang T. Pham,abc Emilio Rapaccioli,b

Andrew J. Britton,ac Stuart Micklethwaite, ac Andrew Bell,a

Maximilian O. Besenhard, d Rik Drummond-Brydson, ac Ke-Jun Wuae

and Sean M. Collins *abc

The functional group-directed structures of coordination polymers (CPs) and metal–organic frameworks

(MOFs) have made them key candidates for proton exchange membranes in fuel cell technologies.

Sulfonate group chemistry is well established in proton conducting polymers but has seen less

exploration in CPs. Here, we report solvent-directed crystal structures of Cu2+ and Ca2+ CPs

constructed with naphthalenedisulfonate (NDS) and anthraquinone-1,5-disulfonate (ADS) ligands, and we

correlate single crystal structures across this set with proton conductivities determined by

electrochemical impedance spectroscopy. Starting from the Cu2+-based NDS and aminotriazolate MOF

designated Cu-SAT and the aqueous synthesis of the known Ca2+-NDS structure incorporating water

ligands, we now report a further five sulfonate CP structures. These syntheses include a direct synthesis

of the primary degradation product of Cu-SAT in water, solvent-substituted Ca-NDS structures prepared

using dimethylformamide and dimethylsulfoxide solvents, and ADS variants of Cu-SAT and Ca-NDS. We

demonstrate a consistent 2D layer motif in the NDS CPs, while structural modifications introduced by

the ADS ligand result in a 2D hydrogen bonding network with Cu2+ and aminotriazolate ligands and a 1D

CP with Ca2+ in water. Proton conductivities across the set span 10−4 to >10−3 S cm−1 at 80 °C and 95%

RH. These findings reveal an experimental structure–function relationship between proton conductivity

and the tortuosity of the hydrogen bonding network and establish a general, cross-structure descriptor

for tuning the sulfonate CP unit cell to systematically modulate proton conductivity.
1. Introduction

Metal–organic coordination polymers (CPs), encompassing
one-dimensional (1D) chains, two-dimensional (2D) sheets, and
three-dimensional (3D) frameworks built from the intercon-
nection of metal ions or clusters and organic linkers,1 have been
widely used in the elds of catalysis,2,3 gas adsorption/separa-
tion4,5 and energy storage.6,7 Many CPs have been developed
using carboxylate and N-donor ligands, including the now-
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widespread microporous CPs or metal–organic frameworks
(MOFs) built from ditopic or tritopic carboxylates for UiO,8

HKUST,9 MIL,10 and IRMOF11 families, imidazolate for the
family of zeolitic imidazolate frameworks,12,13 and pyridine- and
pyrazine-based MOFs and CPs.14 Phosphonates have also seen
application in gas capture15,16 as well as for proton conduction.17

Void structures in 2D or 3D frameworks, characteristic of MOFs,
are not necessarily required for the targeted functional prop-
erties in proton and ionic conductivity where 1D and dense CPs
have likewise shown considerable promise.18 CPs built from
sulfonate–metal coordination motifs have, however, seen
signicantly less exploration.19

A number of sulfonate CPs have shown promising proton
conductivity,20 attributed to the benecial proton hopping sites
incorporated in the form of sulfonic acid groups.21 The sulfo-
nate group has three O atoms, and the sulfonate unit can
assemble metal ions into diverse structural frameworks, with
1D, 2D, and 3D arrangements reported.22 The sulfonate group
can coordinate with one O atom participating in coordination of
the metal centre (designated h1) or with two O atoms (desig-
nated h2) or, alternatively, the sulfonate group can form
This journal is © The Royal Society of Chemistry 2024
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bridging motifs (h2, m2).18 In all cases, at least one other O atom
provides further hydrogen-bond receptors to anchor proton
carriers or to transfer protons.23 As characteristically weakly
coordinating groups, sulfonates tend to form CPs with so
metal ions (e.g. Cu2+, Ca2+, Ba2+).24

Sulfonate CPs oen appear as 1D or 2D layered structures,25

with far fewer 3D structures reported.26 Combining sulfonate
linkers together with N-donor ligands as a structure-directing
second ligand has provided a major guiding principle for
sulfonate CP design. Kitagawa et al. reported porous 1D-ladder
and 2D-sheet frameworks by using 5-sulfoisophthalate ligands
with strongly coordinating N-donor ligands (e.g. 4,40-bispyr-
idylethylene and pyrazine).27 The 1,5-naphthalenedisulfonic
acid (NDS) ligand has drawn particular attention25,28 as a ditopic
linker that in this sense resembles the common benzenedi-
carboxylate (BDC) linker in MOFs.11

Recently, a 2D sulfonate CP denoted Cu-SAT has been
synthesized combining NDS and 1,2,4-triazol-4-amine (T4A)
linkers and shows promising proton conductivity of the order of
10−3 S cm−1 at >95% relative humidity (RH) and 80 °C,20,28

approaching the benchmark conductivities for Naon proton
conducting polymers (∼10−2 to 10−1 S cm−1). In Cu-SAT, m2 OH
groups and triazolate ligands connect Cu2+ ions in a chain with
bridging h2, m2 NDS linkers spanning the 1D Cu2+ chains to
form a 2D structure. However, Cu-SAT, like many other MOFs,
presents important limitations from a green chemistry
perspective29,30 due to the use of dimethylformamide (DMF) in
synthesis. Moreover, from a practical standpoint, Cu-SAT also
exhibits limited stability on exposure to water, a critical chal-
lenge for proton conductivity under humid conditions. As such,
we now turn to the role of the solvent in Cu-SAT synthesis and
also examine a structurally analogous 2D CP built from only
NDS and Ca2+ in aqueous solution.26 The incorporation of
coordinating solvent at Ca2+ sites likewise prompts exploration
of the role of solvent choice in Ca2+ as well as Cu2+ NDS CPs, and
motivates the examination of the as yet unreported proton
conductivity of Ca-NDS CPs.
Fig. 1 Coordination geometry of (a) Cu2+ in Cu-SAT and (b) Ca2+ in Ca-N
complete NDS and T4A ligands. (d) Schematic diagram of the characteris
The blue spheres represent the metal ions separated by representations

This journal is © The Royal Society of Chemistry 2024
Fig. 1 highlights the unied structural motifs across the Cu-
SAT and Ca-NDS CPs. In Cu-SAT (Fig. 1a), the neutral T4A
ligands are shown in the axial positions and the anionic OH and
NDS ligands are shown in the equatorial positions. The coor-
dination environment in the Ca-NDS system is analogous with
the bridging OH along the metal–metal 1D chain adopted by
a further set of NDS ligands (Fig. 1b, equatorial positions) and
the structural position of the neutral T4A ligand adopted by
solvent molecules (L) in the axial positions (L = H2O in the re-
ported Ca-NDS structure26). Fig. 1c presents the molecular
structure of the entire NDS and T4A ligands, and Fig. 1d depicts
how these components form a characteristic 2D layer structure
in Cu-SAT and Ca-NDS CPs.

The solvent in MOF and CP synthesis is known to play
diverse roles including deprotonation of precursors as well as
templating void spaces.31,32 The polarity of the solvent can also
play a role in directing the nal structure and associated
topology and porosity.33 The notable role of the solvent as
a second ligand in Ca-NDS further invites exploration not only
of the solvent choice but also the choice of the arenedisulfonate
ligand. Principles of isoreticular chemistry are widespread in
MOF synthesis,34,35 and as such we now evaluate extended are-
nedisulfonate ligands as a further structural tuning parameter.
The anthraquinone-2,6-disulfonate (2,6-AQDS) ligand has been
reported to form stable alkaline-earth sulfonate CPs with 3D
structures, and the metal-to-metal distance of these samples are
longer than 2,6-NDS synthesized CPs which also have 3D
structures.26,36,37

Here, to mimic the 1,5-NDS ligand we introduce the
anthraquinone-1,5-disulfonate ligand (ADS) as a further
structure-modifying element. By synthesising a systematic
series of Cu2+ and Ca2+ NDS CPs, we now report solvent-directed
single crystal structures of Cu-SAT (ethanol, EtOH), Ca-NDS
(DMF), and Ca-NDS (dimethylsulfoxide, DMSO). By incorpo-
rating the 1,5-ADS ligand, we further introduce a hydrogen
bonded network termed Cu-SQAT incorporating sulfonate,
quinone, and aminotriazolate moieties as well as a 1D CP built
DS CPs (L denotes coordinating solvent). (c) Molecular structure of the
tic 2D structure formed from NDS spanning between 1D metal chains.
of the NDS ligand (purple).

J. Mater. Chem. A, 2024, 12, 18440–18451 | 18441
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from Ca and 1,5-ADS ligands, denoted Ca-ADS. We then test
their proton conductivities to examine the experimental struc-
ture–function relationship with a particular focus on changes in
the relative positions of the electronegative functional groups
along the major hydrogen bond acceptor chains common to the
series. Taken together, these structures establish a correlation
between proton conductivities and the tortuosity of the CP
hydrogen bond acceptor site network. These ndings in turn
identify a general, cross-structure descriptor for tuning the
sulfonate CP crystal structures to systematically modulate
proton conductivity.
2. Experimental
2.1 Materials

1,5-Naphthalenedisulfonic acid tetrahydrate (H2NDS, molec-
ular weight: 360.36 g mol−1), T4A (molecular weight: 84.08 g
mol−1), copper nitrate hemi(pentahydrate) (molecular weight:
232.59 g mol−1), N,N-dimethylformamide (DMF, $99.9%),
polyvinylpyrrolidone (PVP) [Mw 360 000], and polyvinylidene
uoride (PVDF) [Mw 534 000] were purchased from Sigma-
Aldrich (Merck Group). Calcium nitrate hemi(pentahydrate)
(molecular weight: 236.15 gmol−1) was purchased from Thermo
Scientic, anthraquinone-1,5-disulfonic acid disodium salt
(ADS, molecular weight: 422.31 g mol−1) was purchased from
Santa Cruz Biotechnology, dimethyl sulfoxide (DMSO, $99.5%)
was purchased from Honeywell, and ethanol (EtOH, $99.5%)
was purchased from VWR International. All chemicals were
used as received. Deionized (DI) water ($18.2 Mohm cm−1) was
used for all reactions.
2.2 Batch synthesis of the different CPs and membrane
fabrication

2.2.1 Synthesis of Cu-SAT (EtOH). Copper nitrate (23.2 mg,
0.1 mmol) was dissolved in DI water (0.3 mL), and EtOH
(1.5 mL) was then added to form solution 1. T4A (8.4 mg,
0.1 mmol) and H2NDS (36 mg, 0.1 mmol) were dissolved in DI
water (0.3 mL) successively, and DMF (0.5 mL) was then added
as precursor solution 2. Next, solutions 1 and 2 were mixed in
a 20 mL glass vial and heated in an oil bath at 80 °C for 4 h. The
reaction yield was determined gravimetrically and was recorded
as 44% ± 3% (uncertainties in yields are given as one standard
error).

2.2.2 Synthesis of Ca-NDS (water). Calcium nitrate
(47.2 mg, 0.2 mmol) was dissolved in DI water (0.3 mL) as
solution 1. H2NDS (72 mg, 0.2 mmol) was dissolved in DI water
(0.3 mL) as solution 2. Next, solutions 1 and 2 were mixed in
a 20 mL glass vial and heated in a dry bath heater (Thermo
Scientic) at 80 °C for 4 h. The reaction yield was determined
gravimetrically and was recorded as 71% ± 3%.

2.2.3 Synthesis of Ca-NDS (DMF) and Ca-NDS (DMSO).
Aer evaluating yield and the solubility of precursors, the
water : DMF and water : DMSO solvent ratios were set as 3 : 10.
Calcium nitrate (47.2 mg, 0.2 mmol) was dissolved in DI water
(0.3 mL), and DMF (1 mL) was then added as solution 1. H2NDS
(72 mg, 0.2 mmol) was dissolved in DI water (0.3 mL), and DMF
18442 | J. Mater. Chem. A, 2024, 12, 18440–18451
(1 mL) was then added as solution 2. Next, solutions 1 and 2
were mixed in a 20 mL glass vial and heated in a dry bath heater
at 80 °C for 4 h. Ca-NDS (DMSO) was synthesized by substituting
DMSO for DMF in the above reaction (1 mL DMSO in each
solution). The reaction yield was determined gravimetrically
and was recorded as 42.3% ± 2% for Ca-NDS (DMF) and 40% ±

2% for Ca-NDS (DMSO).
2.2.4 Synthesis of Cu-SQAT. ADS (21 mg, 0.05 mmol) was

dissolved in DI water (0.6 mL) in a 20 mL glass vial by sonicating
for 10 minutes. T4A (4.2 mg, 0.05 mmol) and copper nitrate
(11.6 mg, 0.05 mmol) were then added in the solution succes-
sively, followed by DMF (2 mL). The prepared solution was
heated in a dry bath heater at 80 °C for 4 h. The reaction yield
was determined gravimetrically and was recorded as 52%± 2%.

2.2.5 Synthesis of Ca-ADS. ADS (42 mg, 0.1 mmol) was
dissolved in DI water (2.6 mL) in a 20 mL glass vial by sonicating
for 10 minutes. Calcium nitrate (23.6 mg, 0.1 mmol) was then
dissolved in this solution. Next, the prepared chemical solution
was heated in a dry bath heater at 80 °C for 4 h. The reaction
yield was determined gravimetrically and was recorded as
35% ± 2%.

2.2.6 Membrane fabrication. The Ca-NDS (water) and Cu-
SQAT based mixed matrix membranes (MMMs) were made
using 60% by weight of these two CPs incorporated into PVP
and PVDF (named as Ca-NDS (water)-MMM and Cu-SQAT-
MMM). Typically, 30 mg PVDF and 90 mg PVP were dissolved
in 1.8 mL DMF by stirring at room temperature for 180 min to
obtain a homogeneous gel. Then, 180 mg of Ca-NDS (water) or
Cu-SQAT were added and dispersed evenly in the above gel with
vigorous stirring for 30 min. Next, this gel was poured onto
a high-temperature resistant glass and cast with 60 mm thick-
ness with using a BGO 209/2 adjustable applicator (Biuged
Laboratory Instruments Co., Ltd). The membrane was then
dried at 70 °C for 1 h in a vacuum oven to remove excess DMF.
The solidied membrane was nally washed with deionized
water three times and then dried at room temperature.
2.3 Materials characterization

Powder X-ray diffraction patterns were recorded using a Bruker
D2 diffractometer (Cu Ka l= 1.54184 Å, 2q scan range= 5°–50°).
Single crystal X-ray diffraction measurements were carried out
at 100 K on a Rigaku SuperNova diffractometer equipped with
an Atlas CCD detector and connected to an Oxford Cryostream
low temperature device using Cu Ka radiation (l = 1.54184 Å)
for Cu-SAT (EtOH), Ca-NDS (DMSO), Cu-SQAT, and Ca-ADS and
Mo Ka radiation (l = 0.7103 Å, for larger crystals) for Ca-NDS
(DMF). A microfocus X-ray source was used in all cases. The
structure was solved by intrinsic phasing using SHELXT38 and
rened by a full matrix least squares technique based on the
squared structure factor F2 using SHELXL2014.39 Table 1
summarizes the crystallographic data for these ve CPs. Vesta
soware (version 3.5.7) was employed to produce calculated
XRD patterns from the single crystal structure.

The morphologies of the MOF pellet samples were charac-
terized by light microscopy (LM, Olympus, BX51) and scanning
electron microscopy (SEM, Hitachi/TM-3030Plus, equipped
This journal is © The Royal Society of Chemistry 2024
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Table 1 Crystallographic data for Cu-SAT (EtOH), Ca-NDS (DMF), Ca-NDS (DMSO), Cu-SQAT, and Ca-ADS. In the table, Z is the number of
formula units in unit cell, rcalc is the calculated density, m is the linear absorption coefficient, F(000) is the number of electrons in unit cell, Ntot is
the total number of reflections,Nobs is the number of unique reflections with intensities I > 2s(I),Nall is the number of unique reflections, Rint is the
merging error, R1 is the conventional residual (R) factor for observed reflections, wR2 is the weighted R value for all diffraction points, and F2 is the
squared structure factor

Crystal data Cu-SAT (EtOH) Ca-NDS (DMF) Ca-NDS (DMSO) Cu-SQAT Ca-ADSa

CCDC number 2336805 2336806 2336802 2336803 2336804
Formula C14H16Cu2N8O8S2 C16H20CaN2O8S2 C14H18CaO8S4 C18H16Cu2O10S2 C14H12CaO11S2
Formula weight 615.55 472.54 482.60 695.59 460.44
Temperature/K 99.99(10) 100.01(10) 100.15(10) 100.00(10) 100.01(10)
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P�1 P21/n P21/c C2/c
a/Å 6.7128(5) 9.4952(7) 5.4131(2) 13.7271(3) 20.1769(8)
b/Å 10.0239(7) 10.2875(7) 16.6724(6) 6.7154(2) 7.6697(3)
c/Å 14.5560(10) 11.0657(8) 10.7173(3) 12.1309(3) 10.7097(5)
a/° 90 74.765(6) 90 90 90
b/° 93.268(6) 79.328(6) 103.282(3) 91.407(2) 104.898(4)
g/° 90 85.839(6) 90 90 90
Volume/Å3 977.86(12) 1024.57(13) 941.36(6) 1117.93(5) 1601.62(12)
Z 2 2 2 2 4
rcalc/g cm−3 2.091 1.532 1.703 2.066 1.909
m/mm−1 5.311 0.556 7.411 4.818 6.456
F(000) 620.0 492.0 500.0 700 944.0
Crystal size/mm3 0.07 × 0.05 × 0.03 0.35 × 0.18 × 0.08 0.07 × 0.04 × 0.03 0.09 × 0.06 × 0.02 0.19 × 0.05 × 0.04
Radiation Cu Ka Mo Ka Cu Ka Cu Ka Cu Ka
Index ranges −7 # h # 4 −10 # h # 13 −6 # h # 6 −16 # h # 16 −23 # h # 24

−11 # k # 12 −14 # k # 11 −19 # k # 20 −8 # k # 2 −9 # k # 9
−16 # l # 17 −14 # l # 14 −13 # l # 12 −15 # l # 14 −12 # l # 11

Ntot 3711 8441 8897 4603 2341
Nobs/Nall 1519/1822 2467/4810 1656/1855 1848/2152 2107/2341
Npar 162 266 126 193 141
Rint 0.0427 0.0411 0.0524 0.0326 0.043
Goodness-of-t on F2 1.114 1.043 1.218 1.034 1.058
R1 (observed) 0.0461 0.0550 0.0505 0.0364 0.0283
wR2 (all data) 0.1212 0.1406 0.1276 0.1042 0.0770

a Ca-ADS was solved from a twinned crystal with two components relatively rotated by approximately 180° about the normal to (100).
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with a backscattered electron detector and operated at 15 kV
accelerating voltage). An Oxford Instruments 150 X-Max energy
dispersive X-ray spectroscopy (EDS) detector was used to assess
the elemental composition of pellet samples. The EDS analysis
was conducted with an electron beam accelerated to 15 kV and
using a probe current of 20 nA probe current and a working
distance of 15 mm. Similar conditions were applied for EDS
point analysis on the CPs powders to verify their composition in
comparison to empirical formula. Prior the EDS point analysis,
the CPs powders were deposited on the carbon tape, and coated
with 15 nm Pt to avoid the charging effect. For EDS point
analysis, at least 5 areas were collected for each CP to ensure the
statistical signicance of the results. Cryo-SEM was carried out
using an Tescan Amber X Cryo-PFIBSEM, operated at 2 kV and
equipped with a Quorum Technologies PP3010 cryo-stage and
an Oxford Instruments 150 X-Max energy dispersive X-ray
spectroscopy (EDS) detector, to check the thickness, surface
morphology, and elemental composition of the hydrated
membrane. Thermogravimetric analyses (TGA) were carried out
using a Netzsch STA 449F3 instrument with a heating rate of
10 °C min−1 in a nitrogen atmosphere (40 mL min−1) and
conducted from 50 to 850 °C. Characteristic temperatures for
mass loss events were determined from the rst derivative of the
This journal is © The Royal Society of Chemistry 2024
thermogravimetry curve (the DGT curve) by extracting the
temperatures corresponding to maxima in the DGT curve. This
temperature corresponds to the steepest change in mass loss. A
Thermo Scientic Flash EA2000 elemental analyser was used to
carry out carbon, hydrogen, nitrogen, and sulfur (CHNS)
quantication. Briey, this analysis entailed dropping samples
into a furnace at 900 °C in a continual ow of helium. Pure
oxygen was added for a few seconds to facilitate combustion.
The combustion products pass through an oxidation/reduction
reactor to convert them to CO2, H2O, N2 and SO2 which are then
separated by gas chromatography and detected using thermal
conductivity. X-ray photoelectron spectroscopy (XPS) was used
to characterize the surface chemistry of the materials. CPs
powders were pressed onto carbon tape and adhered to a stan-
dard omicron plate with a uniform at sample. Cu-SAT (EtOH)
and Cu-SQAT samples were sputtered with 500 V in 2 × 10−7

mbar of argon for 2 minutes before XPS test. The experiment
was carried out in UHV (<1 × 10−9 mbar) on a Specs FlexMod
system. The illuminating X-ray source was a monochromatic Al
Ka (hn = 1486.7 eV) anode at a power of 400 W and 15 kV. A
Specs Phoibos 150 hemispherical analyzer with 1D delay line
detectors was used to detect the photoelectrons. The powder is
insulating so to reduce any differential charging at the surface
J. Mater. Chem. A, 2024, 12, 18440–18451 | 18443

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta01716a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 3
:0

2:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which could distort the spectra, an electron ood gun (energy
4 eV and current 75 mA) was used to charge neutralize the
sample. Survey spectra were obtained with a pass energy of
50 eV, a step width of 1 eV and a dwell time of 0.1 seconds. High
resolution spectra were collected with a pass energy of 30 eV,
a step width of 0.1 eV and a dwell time of 0.2 seconds. Aer
collecting the spectra, the data was analyzed using CasaXPS
soware. Binding energies were calibrated using the C–C C1s
peak at 284.8 eV and the intensity was calibrated using a previ-
ously calculated transmission function for the specic instru-
ment settings. All spectra were tted with a Shirley background
and the peak areas were determined. We quantied the relative
atomic percentages using these peak areas and the respective
relative sensitivity functions for each peak. Fourier Transform
Infrared (FTIR) spectra of the CPs samples were obtained using
a Bruker Vertex 80V FTIR spectrometer with a diamond prism
Attenuated Total Reection (ATR) crystal. Using a 6 mm aper-
ture, data were collected for wavenumbers between 500 and
4000 cm−1 and averaged over 64 scans.

Scanning electron diffraction (SED) data were acquired using
a JEOL ARM300CF transmission electron microscope (ePSIC,
Diamond Light Source, UK) operated at 300 kV. This micro-
scope was equipped with a high-resolution pole piece, a cold
eld emission gun, aberration-correctors in the probe- and
image-forming optics, and a 4-chip Merlin-Medipix (512 × 512
pixels) electron counting detector. In SED, an electron nano-
beam is scanned across a sample in an array (x, y) and a two-
dimensional diffraction pattern (kx, ky) is recorded on the
detector at each probe position (x, y). To achieve nanobeam
diffraction, the electron optics were congured by deactivating
the aberration corrector in the probe-forming optics and
adjusting the condenser lens system to produce a convergence
semi-angle of 0.8 mrad using a 10 mm condenser aperture. This
conguration results in a diffraction-limited probe diameter of
3 nm at 300 kV. The beam current was measured at approxi-
mately 1 pA using a Faraday cup, with an exposure time set at
1 ms per probe position. In a single scan, the electron uence
was estimated to be roughly 8.8 e− Å−2, assuming a disk-like
probe matching the diffraction-limited probe diameter. All
measurements were performed across a scan size of 256 × 256
probe positions. For STEM-EDS, the same settings were
employed, albeit with a 100 mm condenser aperture resulting in
approximately 100-fold higher beam current for enhanced
signal-to-noise ratio. Calibration data for both images and
diffraction in SED dataset were acquired using a gold diffraction
cross-grating with a 500 nm period (Ted Pella). Standard MoO3

crystals from Agar Scientic were used to calibrate the relative
rotation between the diffraction pattern and the scan pattern.
SED data were processed, aligned, and calibrated using Pyxem-
0.11.0 41 and supporting tools from the HyperSpy package
(1.6.5)40 following previously reported procedures.59
2.4 Proton conductivity

In order to test the proton conductivity of the synthesized
sulfonate CPs, powder samples were pelletized under a pressure
of 5 ton cm−2 for 2 minutes by using a 5mm evacuable pellet die
18444 | J. Mater. Chem. A, 2024, 12, 18440–18451
(Specac). Pellet samples were inserted in a cell consisting of two
copper plates mounted on a polytetrauoroethylene (PTFE)
assembly (Fig. S1†). The contact between the copper electrodes
and the pellet samples was secured by tightening screws on the
cell. The proton conductivity (s, mS cm−1) was calculated
according to:

s ¼ L

AR
(1)

where L is the thickness of pellet sample (cm), A is the
cross-section area of pellet (cm−2), and R is the resistance of
pellet (U). R was measured by electrochemical impedance
spectroscopy (EIS) in a two-electrode conguration between
frequencies of 100 Hz and 1 MHz using a Gamry 1010E elec-
trochemical workstation. The intercept at the axis correspond-
ing to the real part of the complex impedance (Z0) was taken as
the resistance R.42

All EIS measurements were performed 30 min aer the
testing temperatures (50–80 °C) reached the set value. Powder
samples were placed in a 95% relative humidity (RH) chamber
(Memmert HCP150) at room temperature overnight before
pellet formation, and pellet samples were placed in a 95% RH
chamber at room temperature overnight again to fully hydrate
the sample, matching previous reports of RH equilibration
conditions prior to testing.43,44 EIS measurements of Ca-NDS
(water)-MMM and Cu-SQAT-MMM were carried out with using
a BT-110 conductivity clamp (L = 0.425 cm). These membranes
were held in a 95% RH chamber (Memmert HCP150) at room
temperature over 12 h to fully hydrate before EIS measure-
ments. EIS measurements were carried out following proce-
dures established in our previous work.28 The activation energy
(Ea) for membrane proton conduction was determined via the
Arrhenius relationship:45

lnðTsÞ ¼ lnðs0Þ �
�
Ea

R

��
1000

T

�
(2)

where T is testing temperature (K), s is the proton conductivity
(S cm−1), s0 is the pre-exponential factor (S (K cm)−1) and R is
the ideal gas constant (8.314 J (mol K)−1). Ea was determined
from linear tting to estimate the slope from this
Arrhenius plot.
3. Results and discussion
3.1 Single crystal structures of Cu2+ and Ca2+

arenedisulfonates

We rst start with a brief evaluation of solvent effects in
directing the structure of Cu-SAT as a 2D NDS-based CP with an
established proton conductivity. Cu-SAT has been reported to
exhibit structural changes aer prolonged exposure to water.28

In an attempt to reduce the DMF content in synthesis, we
introduced EtOH to the solvent system. Notably, the powder
XRD for this material, termed Cu-SAT (EtOH) exhibited the
pattern characteristic for Cu-SAT aer degradation following
exposure to water (Fig. S2†). This synthesis appeared to offer
a direct synthetic route to the degradation product aer water
exposure, with high quality single crystals recovered. In
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Polyhedral representation of the Cu2+ and T4A ligand chain in
(a) Cu-SAT and (b) Cu-SAT (EtOH) as determined from SC-XRD.
Polyhedral representation determined from SC-XRD showing the NDS
ligand coordination with the Cu2+ chain in (c) Cu-SAT and (d) Cu-SAT
(EtOH), red dashed ellipses mark the DMF molecule in the void space.
Atoms are color-coded by element: S, yellow; Cu, blue; O, red; N, light
blue; C, brown; H, beige.
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contrast, ageing Cu-SAT in water to form this degradation
product did not offer crystals of sufficient quality for single
crystal XRD (SC-XRD). We denote the direct synthesis product
Cu-SAT (EtOH).

Fig. 2 presents a side-by-side comparison of the SC-XRD
structures for Cu-SAT28 and Cu-SAT (EtOH). As shown in Fig. 2a
and b, the Cu2+ centre in both Cu-SAT and Cu-SAT (EtOH) has an
octahedral geometry with two coordination bonds to bridging
OH moieties. There are a further two bonds to T4A ligands and
also two h2, m2 coordinating NDS ligands retained across both
structures. These observations demonstrate that the water-aged
Cu-SAT structure, as for directly synthesised Cu-SAT (EtOH) is
not a decomposition product. Rather, the Cu-SAT (EtOH) struc-
ture indicates a more compact, DMF-free structure emerges with
Fig. 3 Polyhedral representations of the octahedral unit of Ca2+ in (a) Ca-
by SC-XRD. Polyhedral representations of the 2D layered structure o
determined by SC-XRD. Atoms are color-coded by element: S, yellow; C

This journal is © The Royal Society of Chemistry 2024
the loss of void spaces present in the Cu-SAT (Fig. 2c and d).
Notably, in Cu-SAT the chain of Cu2+ centres lies along the b-axis
with 2D layers stacked approximately perpendicular to the a-axis
whereas the Cu-SAT (EtOH) unit cell places the Cu2+ chain along
the a-axis and 2D layers stacked perpendicular to the c-axis
(Fig. S3 and S4†). Atomic displacement parameters (ADPs) of Cu-
SAT (EtOH) indicate non-hydrogen atoms are well localised with
minimal evidence of signicant disorder in the structure
(Fig. S5†). Details of a unit cell and the renement for the Cu-SAT
(EtOH) are given in Table 1.

We next turn to the structures of the Ca2+ CPs formed with
NDS and water, DMF, and DMSO solvents. The metal centre,
Ca2+, exhibits a consistent octahedral geometry with four
coordination bonds to sulfonate groups from the NDS ligands
(Fig. 3a–c). A further two coordination bonds are formed with
water, DMF, or DMSO molecules in Ca-NDS (water), Ca-NDS
(DMF), and Ca-NDS (DMSO) CPs, respectively. These three
CPs present similar 2D sheet structures (Fig. 3d–f). Notably, in
Ca-NDS (water), the NDS molecules exhibit two orientations,
producing alternating orientations of the aromatic rings. In
contrast, in the Ca-NDS (DMF) and Ca-NDS (DMSO) structures,
the aromatic ring systems are aligned in parallel. Consequently,
there is greater tilting of Ca2+ octahedra relative to the plane of
the 2D CP sheet in the Ca-NDS (DMF) and Ca-NDS (DMSO)
structures. Due to different unit cell denitions, in Ca-NDS
chains of Ca2+ run along [1�10] with 2D layers stacked along
[110], while in Ca-NDS (DMF) Ca2+ chains follow the b-axis and
2D layers are stacked along the a-axis, and in Ca-NDS (DMSO)
Ca2+ chains lie along the a-axis and 2D layers are stacked along
the b-axis (Fig. S6–S8†). ADPs of Ca-NDS (DMF) and Ca-NDS
(DMSO) indicate all non-hydrogen atoms are well localised
with minimal evidence of signicant disorder in the structure
(Fig. S9†). Further details of the unit cells of the Ca-NDS (DMF)
and Ca-NDS (DMSO) are presented in Table 1, whilst the unit
cell of Ca-NDS (water) was reported previously by Cai et al.26
NDS (water), (b) Ca-NDS (DMF) and (c) Ca-NDS (DMSO) as determined
f (d) Ca-NDS (water), (e) Ca-NDS (DMF) and (f) Ca-NDS (DMSO) as
a, dusty blue; O, red; C, brown; N, light blue; H, beige.

J. Mater. Chem. A, 2024, 12, 18440–18451 | 18445
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Fig. 4 Polyhedral representations as determined by SC-XRD of (a) the
Cu2+ and T4A ligand chain in Cu-SQAT, (b) the Ca2+ and NDS chain in
Ca-ADS, (c) the interactions between ADS ligands and the Cu2+ chain
in Cu-SQAT, and (d) the packing of 1D chains in Ca-ADS (the shading
highlights two ADS ligands in the same chain). Atoms are color-coded
by element: S, yellow; Cu, blue; O, red; N, light blue; C, brown; H,
beige; Ca, dusty blue.
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Structures resulting from analogous composition but
substituting the ADS linker for NDS are shown in Fig. 4,
producing what we denote Cu-SQAT derived from Cu-SAT and
producing Ca-ADS derived from Ca-NDS (water). Details of unit
cells for the Cu-SQAT and Ca-ADS are provided in Table 1. In the
Cu-SQAT structure (Fig. 4a and c), Cu2+ exhibits distinctly
different coordination to the octahedral ligand environment in
Cu-SAT. Instead, a planar geometry is adopted around Cu2+ in
what would resemble the equatorial positions in Cu-SAT but
now in a corrugated 2D layer (see also Fig. S10†), with additional
R–SO3

− and R–NH2 groups stabilising at a signicantly longer
distance in the axial positions from layers above and below.
These could be considered 3D coordination between layers of
the CP, but the distances and interactions between ligands and
the metal centre are signicantly larger in the axial positions in
this structure at 2.496 Å for Cu–N (amino N) and 2.951 Å for
Cu–O (sulfonate O) when compared to the characteristic
distances in the planar (equatorial) positions at 2.004 Å for
Cu–N (triazolate N) and 1.931 Å for Cu–O (hydroxyl O) or when
compared with the distances in Cu-SAT at 2.009 Å for Cu–N
(triazolate N), 2.473 Å for Cu–O (sulfonate O), and 1.947 Å for
Cu–O (hydroxyl O). Moreover, the structure as shown in Fig. 4c
highlights the ADS ligands interact primarily through hydrogen
bonding interactions with the bridging hydroxyl groups and the
amino (T4A) groups along the Cu2+ chains. Within the deter-
mined unit cell, the Cu2+ chains lie along the b-axis with
corrugated 2D sheets stacked along the c-axis (Fig. S11†). ADPs
of Cu-SQAT indicate all non-hydrogen atoms are well localised
with ambiguity in atomic coordinates (Fig. S12a†).

The assembly of ligands and Ca2+ centres in Ca-ADS also
shows a signicant departure from the coordination motifs in
the Ca-NDS structures (Fig. 4b and d). The Ca2+ centre in
Ca-ADS exhibits an apparent 9-fold coordination geometry
about the Ca2+ centre, including three water molecules, two
quinone carbonyl oxygens, and two pairs of h2 non-bridging
sulfonate ligands forming a distorted, approximately pentag-
onal bipyramidal coordination sphere. This coordination
18446 | J. Mater. Chem. A, 2024, 12, 18440–18451
results in a 1D chain structure in Ca-ADS, with hydrogen
bonding between the chains mediated by the free sulfonate
oxygens (hydrogen bond acceptors) and the nearest water
ligands (hydrogen bond donors). The Ca-ADS unit cell places
the 1D coordination polymer motif packed in sheets to form 2D
layers stacked along the c-axis (Fig. S13†). ADPs of Ca-ADS
indicate all non-hydrogen atoms are well localised with ambi-
guity in atomic coordinates (Fig. S12b†). Compared to the Ca-
NDS structures, the quinone C]O groups show pronounced
interaction with the Ca2+ atoms in Ca-ADS, seemingly
precluding bridging coordination by the sulfonate groups to
form a higher dimensional CP structure (Fig. S14a and b†).
These single crystal structures suggest the 1,5-ADS ligand shows
limited promise for isoreticular extension of the Cu-SAT and Ca-
NDS CPs, in contrast to prior work with 2,6-ADS,37 but never-
theless introduces further modulation of the dense CP
hydrogen bonding networks for proton conductivity
applications.

In addition to SC-XRD, we have further probed the powder-
scale characteristics of the synthesised CPs. CHNS analysis
showed similar ratios as determined by SC-XRD for Cu-SAT and
Cu-SAT (EtOH) (Table S1†), Ca-NDS (Table S2†) and Cu-SQAT
and Ca-ADS (Table S3†). SEM-EDS further conrmed
elemental content, composition, and homogeneity for the re-
ported structures Cu-SAT (EtOH) and Cu-SQAT (Table S4,
Fig. S15 and S16†), Ca-NDS (DMF), Ca-NDS (DMSO), and Ca-
ADS (Table S5, Fig. S17–S19†). XPS analyses likewise
conrmed the elemental content, with small deviations
observed from compositions expected in the SC-XRD molecular
formula (Fig. S20 and S21, Tables S6 and S7†). These errors were
attributed to surface degradation, residual solvent, or adventi-
tious sources from the environment, though some missing
metal centres, such as at the crystal surfaces in particular,
cannot be ruled out from the XPS analyses. High resolution
spectra further conrmed Cu(II) 2p3/2 and satellite peaks46 in the
reported Cu-based CP structures and a single calcium state of
Ca(II) 2p3/2 and 2p1/2 (ref. 47) in the reported Ca-based CP
structures. High resolution spectra of S 2p3/2 presented two
peaks at 168.0 and 169.2 eV, attributed to the sulfonate moiety48

in all reported structures. High resolution S 2p3/2 spectra of
Ca-NDS (DMSO) showed two additional S 2p peaks associated
with sulnyl group from DMSO solvent.49

ATR-FTIR spectra of all considered sulfonate CPs (Fig. S22†)
consistently showed signatures attributable to the constituent
ligands. Strong bands at approximately 530, 620, 1068 and
1190 cm−1, were assigned as the major peaks of the sulfonate
group.50 Multiple peaks across 1450 to 1650 cm−1 were attrib-
uted to the skeleton vibration of the benzene rings,51 and peaks
in the range 650 to 900 cm−1 were assigned to the out-of-plane
C–H bending vibration of the aromatic ring.52 In Cu-SAT and
Cu-SAT (EtOH), the stretching vibration of the C–N bond53 and
amino groups54 from T4A contributed further bands at
1190 cm−1 and 3300 cm−1. Ca-NDS (water) presents a wider and
stronger band between 3000 and 3500 cm−1 relative to Ca-NDS
(DMF) and Ca-NDS (DMSO), attributed to O–H band from water
bound to Ca in the Ca-NDS (water) unit cell. In turn, the
This journal is © The Royal Society of Chemistry 2024
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carbonyl group from the ADS ligand55 contributes strong peaks
at 1685 cm−1 in Cu-SQAT and Ca-ADS sample.

Building on previous nanobeam electron diffraction and
elemental analysis on Cu-SAT,28 Ca-NDS (water) particles were
further analysed by SED (Fig. S23†) and STEM-EDS (Fig. S24 and
S25†). These STEM imaging and diffraction analyses revealed
plate-like particle with four major facets indexed as {100}, {010},
{110}, and {001} (Fig. S5†). The prominent planes forming the
top and bottom of plates appear to be {001} planes with the
major side facets formed from {110} planes. We note the {110}
planes coincide with the inter-layer planes, and the larger {001}
planes correspond to planes along the Ca–NDS–Ca direction.
Under the assumption of thermodynamic or kinetic Wulff
construction principles,56,57 the larger {001} facets may be the
planes with the lowest surface energies or growth velocities.
This facet analysis also suggests that the surfaces terminate at
either metal centres or ligand molecules, consistent with
previous observations of metal centre termination in UiO-66
MOFs.58,59 Elemental mapping of Ca-NDS (water) by STEM-
EDS analysis conrmed the expected elements within these
microscopic single crystals (Fig. S24 and S25†).
3.2 Proton conductivity

To investigate the proton conductivities of the NDS- and ADS-
based CPs, we have carried out EIS characterisation in pellet
formunder controlled temperature (50–80 °C) and humidity (95%
RH). We rst examined the thermal stability of the CPs by TGA
and DTG analysis. Cu-SAT shows a series of mass losses from
235 °C, attributed to the release of DMF followed by ligand
decomposition, whereas Cu-SAT (EtOH) showedmass losses from
282 °C due to ligand decomposition (Fig. S26a and b†). All
temperatures were extracted from the maxima in the rst deriv-
ative of the TGA curve (see 2.3Materials characterization). Ca-NDS
samples generally showed initial mass losses at 178 °C (water),
210 °C (DMF) and 320 °C (DMSO) followed by a second mass loss
in each case above 500 °C (Fig. S26c and d†). The rst mass losses
follow the order of the solvent boiling points andmay suggest this
event involves loss of the coordinated solvent, followed by NDS
decomposition above 500 °C. Ca-ADS similarly showed an initial
mass loss from approximately 167 °C, and followed by subse-
quent mass loss above 500 °C. Cu-SQAT showed a rst major
mass loss from approximately 298 °C, consistent with its struc-
tural similarity to Cu-SAT (EtOH) (Fig. S26e and f†). In all cases, no
major mass losses occur at temperatures of 80 °C or below. To
further assess the stability of the samples under the pellet
formation and EIS testing conditions, powder XRD character-
isation was carried out to evaluate any signicant changes in the
crystal structure of the pellets. Powder XRD analysis of Cu-SAT,
following prolonged exposure at high humidity and high
temperature conditions during the EIS measurements, showed
a mixture of peaks indexed to the Cu-SAT and Cu-SAT (EtOH)
structures (Fig. S27a†). No signicant changes were observed for
Cu-SAT (EtOH) (Fig. S27b†), for Ca-NDS (water), Ca-NDS (DMF), or
Ca-NDS (DMSO) (Fig. S28†), or for Cu-SQAT or Ca-ADS (Fig. S29†).

Aer pellet making, inspection by light microscopy showed
that the small particles formed during synthesis were pressed
This journal is © The Royal Society of Chemistry 2024
tightly together, and the surfaces of the resulting pellets were
smooth and at (Fig. S30†), suitable for testing in a plate-
electrode EIS cell. Elemental mapping by SEM-EDS conrmed
homogeneous distributions of Cu, S, O, N and C across the
pellet surfaces of Cu-SAT and Cu-SQAT pellets and a homoge-
neous distribution of Ca, S, O, and C elements across the
surface of Ca-NDS (water) pellets (Fig. S31–S34†). We note that
pellet densities were consistent and reproducible, and the pellet
densities were generally >80% of the density calculated from
their SC-XRD structures (Tables S8–S10†).

Fig. 5a presents the EIS results in the form of Nyquist plots
for all seven CP pellets at 80 °C and 95% RH. The Cu-SAT
material shows the smallest x-intercept value, reecting the
resistance, followed by Ca-NDS (water) and Cu-SQAT. Cu-SAT
(EtOH) showed the highest intercept value. By accounting for
the dimensions of the pellets, we determined conductivity
values spanning 2.27 ± 0.06 mS cm−1 for Cu-SAT, 1.46 ± 0.08
mS cm−1 for Ca-NDS (water), and 1.11 ± 0.09 mS cm−1 for Cu-
SQAT to 0.35 ± 0.03 mS cm−1 for Cu-SAT (EtOH). Here, uncer-
tainties are given as one standard deviation. We note these
conductivities take into the resistance (Fig. 5) as well as the
thickness of the sample (see also eqn (1), Tables S8–S10†).
Tables S4–S6† further summarise the EIS measurements across
all seven CPs at 80 °C and 95% RH. The Cu-SAT pellet
measurement is of a similar order of magnitude to that reported
in polymer-based mixed matrix membranes (1.35 ± 0.05
mS cm−1 at 80 °C and 95% RH),20,28 albeit somewhat higher.
More broadly, these conductivities across the set reported here
are promising amongst a number of CPs and MOFs
(Table S11†), oen exhibiting proton conductivities under high
humidity conditions of 10−4 to 10−5 S cm−1 in imidazolate and
carboxylate MOFs.44,60,61

As Cu-SAT, Ca-NDS (water) and Cu-SQAT showed the most
promising proton conductivities, temperature-dependent EIS
measurements were used to estimate activation energies for
proton transport (Fig. S35†). The activation energy Ea of Cu-SAT
pellet was determined to be 62.3 ± 2.5 kJ mol−1 or 0.65 ±

0.03 eV (uncertainties given as the standard error), the Ea of the
Ca-NDS (water) pellet was determined to be 65.26± 4.2 kJ mol−1

or 0.68 ± 0.04 eV, and the Ea of the Cu-SQAT pellet was deter-
mined to be 77.3 ± 5.0 kJ mol−1 or 0.81 ± 0.05 eV. These acti-
vation energies suggest that in pellet form these materials
exhibit a predominantly vehicle mechanism (Ea > 0.4 eV) for
proton transport, where the proton travels as a diffusing
protonated group such as H3O

+.62 In the pellet form, the overall
transport behaviour contains contributions from both the
transport within crystals and along or between grains.

In order to further probe the structural and chemical origins
of the spread of conductivities for these NDS- and ADS-based
CPs, we return to the single-crystal structures. Given the pre-
vailing understanding of the role of hydrogen bond donors and
acceptors in MOF and CP proton conduction pathways, we
have isolated the 1D shortest path routes through the seven
synthesised CPs. By measuring the distances between proton
carriers (taken as the most electronegative species along the
chain), we have then extracted a root mean squared displace-
ment (RMSD) as a general descriptor of the tortuosity of this
J. Mater. Chem. A, 2024, 12, 18440–18451 | 18447
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Fig. 5 (a) EIS Nyquist plots for seven CPs synthesised in this work, prepared as pellets and measured at 80 °C and 95% RH. Correlation of
recorded proton conductivities with (b) the RMSD and (c) the tortuosity of atoms in hydrogen bonding network within the synthesised CPs,
determined from SC-XRD structures. The error bars indicate one standard deviation. Note: tortuosity is the ratio of the full circuitous path-length
along the chain to the distance between its ends. Illustration of the hydrogen bonding networks in (d) Cu-SAT, (e) Ca-NDS (water) and (f) Ca-NDS
(DMF). The black dashed line marks the hydrogen bonding network between adjacent electronegative species.

18448 | J. Mater. Chem. A, 2024, 12, 18440–18451 This journal is © The Royal Society of Chemistry 2024
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hydrogen bonding and proton transport pathway. Fig. 5b plots
the recorded proton conductivities against the RMSD, showing
more linear hydrogen bonding networks (smaller RMSD
values) are correlated with higher proton conductivities. Fig. 5c
likewise depicts a consistent correlation between proton
conductivities and the tortuosity of the chain, alternatively
taken as the ratio of the full circuitous path-length along the
chain to the distance between its ends. A clear trend emerges
across the set of diverse structures exhibiting pronounced
variation in the RMSD measure of the tortuosity, depicted in
the unit cells in Fig. 5d–f. The pathways mapped for all samples
are shown in Fig. S36.†

Features specic to individual materials, such as differences
in the electronegativity of the species involved in the hydrogen
bonding network, differences in spacing between the 2D layers
in each structure, and differences in the relative offset or
packing between layers, may also impact proton conductivity.
We note, however, that these structural features are intrinsically
interlinked with the tortuosity of the lowest energy congura-
tion. That is, species with stronger interactions between
hydrogen bonding donors and acceptors are expected to favour
more linear chains and, consequently, narrower gaps between
layers. Cu-SQAT and Ca-ADS distinct network structures (a
hydrogen bonding network and a 1D coordination polymer,
respectively) and incorporate additional carbonyl moieties in
their quinone functional groups, and Cu-SAT (EtOH) exhibits
signicantly corrugated layers in contrast to the quasi-planar
2D sheets observed in the other structures. Such differences
may explain why these compounds show a deviation to lower
conductivity relative to the trend in the other 2D arenedisulfo-
nate coordination polymers. While there are undoubtedly
numerous contributions to the overall conductivity in the pellet,
including the specic chemical interactions beyond purely
structural variations63 and grain boundary pathways,64 the
RMSD provides a practically useful classier for proton
conductivity within this set of chemically and structurally
similar sulfonate CPs. Together, by experimentally deriving
a set of CPs with sufficient chemical and structural inter-
comparability, this analysis identies a dening structure–
function relationship for explaining and predicting variations
in the proton conductivity of 2D sulfonate CPs.
Fig. 6 (a) Cryo-SEMmicrographs of cross section of the fully hydrated (a)
Nyquist plots for Ca-NDS (water)-MMM and Cu-SQAT-MMM membrane

This journal is © The Royal Society of Chemistry 2024
To further demonstrate the utility of these coordination
polymers for proton conducting membrane applications, Ca-
NDS (water) and Cu-SQAT based MMMs were fabricated using
a polymer matrix comprised of PVP and PVDF, two polymers
that themselves show low proton conductivity but offer
a favourable blend of hydrophilicity (PVP) and mechanical and
thermal stability (PVDF).65,66 This approach enables enhancing
performance of membranes through the coordination polymer
conductivity using alternative polymers to Naon associated
with high production costs and manufacturing hazards.67,68 The
choice of Ca-NDS (water) and Cu-SQAT MMMs extends and
complements our previous examination of Cu-SAT MMMs28 as
these sulfonate coordination polymers exhibit the next two
top-performing pellet proton conductivities of the series
considered here.

Fig. 6 shows cryo-SEM images of the membranes in the fully-
hydrated state, used for accounting for thickness changes
affected by swelling on hydration under electrochemical testing
under high relative humidities (thicknesses of 108 mm and
117 mm for the Ca-NDS (water)-MMM and for the Cu-SQAT-
MMM, respectively). Fig. S37 and S38† present EDS mapping
of themembranes in cross section, conrming the dispersion of
Ca-NDS (water) and Cu-SQAT particles throughout the
membrane. Fig. 6c presents EIS results of Ca-NDS (water)-MMM
and Cu-SQAT-MMM, showing proton conductivities of Ca-NDS
(water)-MMM and Cu-SQAT-MMM of 0.91 ± 0.04 and 0.68 ±

0.03 mS cm−1 at 80 °C and 95% RH, respectively. The proton
conductivity of Cu-SAT based MMM, reported in our previous
work,28 is 1.34 ± 0.05 mS cm−1. As such, the MMMs prepared
using Ca-NDS (water) and Cu-SQAT follow the trend in pellet
conductivities. Moreover, all three arenedisulfonate coordina-
tion polymer based MMMs (Cu-SAT, Ca-NDS (water) and Cu-
SQAT) made in our work offer favourable conductivities in
comparison with other recently reported MOF-based
MMMs.44,69–72 Critically, record conductivity is not the sole
objective for optimizing these materials. Notably, reduced toxic
solvent and a simplied set of precursors used in the prepara-
tion of Ca-NDS offers green chemical advantages for these
MMMs while offering comparable proton conductivities to Cu-
SAT prepared using DMF. The crystal structure trends identi-
ed (Fig. 5) point to transferability through to membrane
Ca-NDS (water)-MMM and (b) Cu-SQAT-MMMmembranes, and (c) EIS
s measured at 80 °C and 95% RH.
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integration for improving materials selection and design for
scalable MMMs in fuel cells and related technologies.

4. Conclusions

In summary, we have used NDS and ADS sulfonate ligands to
synthesise a series of Cu2+ and Ca2+ CPs. By varying the solvent
for a series of NDS-based structures, we have now reported
unit cells for Cu-SAT (EtOH), Ca-NDS (DMF), and Ca-NDS
(DMSO), all exhibiting a consistent 2D sheet structural
motif. By using the ADS ligand, a hydrogen bonded network
incorporating sulfonate, quinone, and aminotriazolate moie-
ties named Cu-SQAT and a 1D CP built from Ca2+ denoted Ca-
ADS have also been reported. We have assessed these mate-
rials' proton conductivity properties, of interest in fuel cell
applications: Cu-SAT, Ca-NDS (water) and Cu-SQAT show
promising proton conductivities of 2.27 ± 0.06 mS cm−1, 1.46
± 0.08 mS cm−1 and 1.11 ± 0.09 mS cm−1 at 80 °C and 95%
relative humidity, respectively. And the proton conductivities
of Cu-SAT, Ca-NDS (water) and Cu-SQAT based MMMs present
a similar order of magnitude to that their pellet samples.
Finally, we have established an experimental structure–func-
tion relationship linking the tortuosity of the hydrogen
bonding pathway with proton conductivities across the syn-
thesised sulfonate CPs. These ndings outline structural
design principles for sulfonate CPs and likely wider CP and
MOF materials for optimising proton conductivity
systematically.
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