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Abstract: A novel one-dimensional (1D) oxalate-bridged coordination polymer of iron(III),
{[NH(CHs3)(C2Hs)2][FeCl2(C204)]}» (1), exhibits remarkable humidity-sensing properties and very
high proton conductivity at room temperature (2.70 x 10* (Q-cm)™? at 298 K under 93% relative
humidity), in addition to the independent antiferromagnetic spin chains of iron(III) ions bridged
by oxalate groups (J = =7.58(9) cm™). Moreover, the time-dependent measurements show that 1
could maintain a stable proton conductivity for at least 12 h. Charge transport and magnetic
properties were investigated by impedance spectroscopy and magnetization measurements, re-
spectively. Compound 1 consists of infinite anionic zig-zag chains [FeCl2(C204)]"~ and interposed
diethylmethylammonium cations (C2Hs)2(CH3s)NH*, which act as hydrogen bond donors toward
carbonyl oxygen atoms. Extraordinarily, the studied coordination polymer exhibits two reversible
phase transitions: from the high-temperature phase HT to the mid-temperature phase MT at T
~213 K and from the mid-temperature phase MT to the low-temperature phase LT at T ~120 K, as
revealed by in situ powder and single-crystal X-ray diffraction. All three polymorphs show large
linear thermal expansion coefficients.

Keywords: oxalate-bridged coordination polymers; alkyl ammonium cations;
single-crystal-to-single-crystal transformations; proton conductivity; humidity-sensing property;
antiferromagnetic spin chain

1. Introduction

Metal-organic coordination polymers, which have a wealth of multifunctional ap-
plications due to their immense structural diversity and flexibility, are currently being
extensively studied. Multifunctional properties of these materials can be achieved by
combining the intrinsic properties of the host, especially the magnetic ones, with addi-
tional functionalities derived from the selected guest molecules [1,2]. The oxalate group,
204, certainly represents an excellent tailoring tool due to its different coordination
modes to metal centers, as well as its ability to mediate magnetic interactions between
paramagnetic metal ions, as evidenced by a large number of oxalate-based transition
metal species of different nuclearity, connectivity, and dimensionality, many of which
possess tunable magnetic frameworks [3-5].
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The importance of high proton conductivity in solid materials for use as humidity
sensors, membranes in water electrolyzers, and especially in fuel cells was recognized
some time ago, but achieving it remains a challenging task [6]. Recently, coordination
polymers and metal-organic frameworks providing additional proton-conducting
pathways were established, thereby opening new avenues for improving proton con-
ductivity [7-11]. These systems can generally be obtained by introducing (i) the guest
molecules (such as water) and counterions or acids into the voids, which helps to create
intricate hydrogen-bonded networks and, thus, improve the proton conductivity, or (i)
other functional groups, such as -COOH, -POsH, -SOsH, and ~OH, which can better the
acidity and hydrophilicity of the organic ligands and, thus, form an efficient proton
transport pathway [8].

In particular, it has been shown that bifunctional molecular materials, which possess
high conductivity in addition to magnetic properties, can be achieved on a two- (2D) or
three-dimensional (3D) oxalate-bridged coordination polymer platform. The formation
of the 3D oxalate-based anionic networks with the original topologies and an unusual
Mn!/Cr!" ratio leads to the appearance of ferro- and antiferromagnetic long-range order,
while the presence of water, ammonium, or imidazolium molecules within the channels
enables high humidity-dependent proton conductivity of these compounds [12-14]. It
has been shown that the proton conductivity of layered 2D oxalate-bridged [MICr™] (M"
= Fe, Mn) frameworks with carboxyl group-bearing cationic components can be im-
proved by increasing the hydrophilicity of the ions [15]. Similarly, the introduction of
hydroxyl groups into the alkyl residue of ammonium ions in the 2D oxalate network
[MICr] (MT = Mn, Fell, Co") led to the formation of hydrophilic layers that enabled
conductive pathways for protons [16]. The role of NH4* in the formation of efficient hy-
drogen-bond networks in the 2D oxalate-bridged polymer of zinc(II), which indeed pro-
vides high proton conductivity, was investigated by exchanging ammonium ions, which
are typical proton conductors, with non-hydrogen-bonding potassium ions [17,18]. The
effect of crystallization water molecules on proton conduction of this coordination pol-
ymer has also been studied [19]. Furthermore, constructed 3D dimethylammoni-
um-containing oxalate-bridged coordination polymers have shown high proton conduc-
tivity due to the formation of extensive hydrogen-bonded networks [8,20-22].

While high proton conductivity is often found in oxalate-based 2D and 3D assem-
blies, few examples emerge once the dimensionality lowers to one-dimensional (1D)
polymers [7,8] such as [Fe(H20)2(C204)]s, with coordinated water molecules forming a
well-ordered 1D water nanoarray, allowing rational design of coordination polymers
useful for solid electrolytes [23].

Here, we present an oxalate-bridged 1D  coordination  polymer
{[NH(CHs3)(C2Hs)2][FeCl2(C204)[}» (1) that exhibits antiferromagnetic spin chains of the
host iron(Ill) anions, [FeCl2(C204)]x"-, while the alkyl ammonium counterions and guest
molecules give rise to high proton conductivity at room temperature (RT), which is quite
unusual for 1D structural and magnetic arrangements. Strikingly, the proton conductiv-
ity of 1 increases by more than five orders of magnitude with increasing relative humid-
ity (RH), achieving 2.70 x 10 (Q-cm)™ at 298 K and 93% RH. In addition, the title com-
pound also shows great structural versatility with several single-crystal-to-single-crystal
transformations induced by temperature.
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2. Experimental
2.1. Materials and Physical Measurements

All used chemicals were procured from commercial sources and used without fur-
ther purification. The infrared spectrum was recorded using a KBr pellet by a Bruker
Alpha-T spectrometer in the 4000-350 cm™ range. Thermal properties were investigated
from RT to 1073 K in synthetic air, with a Shimadzu DTG-60H analyzer (heating rate of
10 °C-min™?).

2.2. Synthetic Procedures

To an aqueous solution (10 mL) containing FeCls (0.1622 mg; 1 mmol) and
H2C2042H20 (0.1261 mg; 1 mmol), an amine, NCHs3(CzHs)2 (2.2 mmol; 0.27 mL), was
added. The reaction mixture was stirred for 10 min, after which it was filtered to remove
a small amount of reddish precipitate, if formed. From a clear solution, yellow rod-like
single crystals of {[NH(CHs)(C2Hs5)2][FeClx(C204)]}n (1) formed in 2 weeks via slow
evaporation. They were quickly washed using a small amount of ethanol and dried in air.
The yield was 40%. Main IR absorptions bands (KBr, cm™) were as follows: 3120-2815
(v(NH) and v(CH)), 1696 and 1608 (v(CO)), 1500-1375 (v(CN)), 1348 and 1205 (vs(CO)),
801 (5(OCO)) [24].

2.3. Single-Crystal X-ray Structural Study

Single-crystal measurement of compound HT-1 (243 K) was performed on an
Oxford Diffraction Xcalibur Nova R diffractometer (Oxford Diffraction, Wroclaw,
Poland) (A = 1.54179 A, microfocus Cu tube) equipped with an Oxford Instruments
CryoJet liquid-nitrogen cooling device (Oxford Instruments, Abingdon, UK). Pro-
gram package CrysAlis PRO was used for data reduction and numerical absorp-
tion correction [25]. Data collections for phases LT-1 (100 K) and MT-1 (180 K)
were carried out on a Bruker D8 Venture (A = 0.71073 A, microfocus Mo tube) dif-
fractometer (Bruker AXS, Madison, WI, USA) equipped with an Oxford Cryosys-
tems Cryostream Series 700 liquid-nitrogen cooling device (Oxford Cryosystems,
Oxford, UK). Data reduction and absorption correction were preformed using
Bruker SAINT software package [26]. The structures were solved using SHELXS97
[27] and refined with SHELXL-2017 [28]. Models were refined using the full-matrix
least squares refinement; all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were located in a difference Fourier map and refined either as
riding entities or a mixture of free restrained and riding entities. Undisordered
structure MT-1 was refined without restraints, while disordered cations in LT-1
and HT-1 structures were refined using rigid-body restraints (commands SIMU
and DELU in SHELXS97); the C—C and C—N bonds were restrained to 1.54(2) and
1.45(2) A, respectively. In addition, bond angles in cations in LT-1 were restrained
to C-C and C-N distances of 2.30(4) A. Molecular geometry calculations were
performed by PLATON [29,30], and molecular graphics were prepared using
ORTEP-3 [31], and Mercury [32]. The crystallographic and refinement data for the
structures reported in this work are given in Table 1.
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Table 1. Crystallographic data and structure refinement details for variable-temperature X-ray diffraction of compound

{[NH(CHz)(C2Hs)2] [FeCla(C204)]}x (1).

Compound LT-1 (100 K) MT-1 (180 K) HT-1 (243 K)
Empirical formula C7H14Cl2FeNO4 C7H14Cl2FeNOs C7H14Cl2FeNOs
Formula wt. (g:mol™) 302.94 302.94 302.94
Color yellow yellow yellow
Crystal dimensions/mm 0.18 x 0.09 x 0.07 0.20 x 0.18 x 0.09 0.20 x 0.18 x 0.08
Space group P2i/n P2i/c P2i/c
a(A) 14.962(3) 8.720(2) 8.5125(8)
b (A) 10.791(2) 9.762(2) 10.7755(14)
c(A) 16.944(3) 14.830(3) 14.9703(16)
a(®) 90 90 90
B (°) 105.96(3) 95.43(3) 104.798(9)
Y () 90 90 90
Z 8 4 4
V (A3) 2630.1(9) 1256.8(5) 1327.6(3)
Dealc (g-cm™3) 1.530 1.601 1.516
A (A) 0.71073 (MoKoax) 0.71073 (MoKa) 1.54179 (CuKar)
4 (mm) 1.547 1.618 12.807
O range (°) 2.26-27.57 2.35-26.53 5.12-74.32
T (K) 100(2) 180(2) 243(2)
Diffractometer type D8 Venture D8 Venture Xcalibur Nova
19<h<18; -10<h <10; -10<h<6;
Range of h, k, 13<k<13; -12<k<10; -13<k<13;
-21<1<22 -18<1<17 -18<1<17
Reflections collected 58295 10852 5948
Independent reflections 6028 2595 2423
Observed reflections (I>20) 4917 1937 1440
Absorption correction None None Multi-scan
Tmin, Tmax - - 0.21266; 1.0000
Rint 0.0597 0.0590 0.0542
R (F) 0.0349 0.0416 0.0873
Rw (F?) 0.0904 0.1155 0.2990
Goodness of fit 1.043 1.066 1.010
H atom treatment Mixed Constrained Constrained
No. of parameters 315 139 147
No. of restraints 91 0 77
Apmax, Apmin (eA9) 0.890; -0.520 0.570; -0.467 0.444; -0.381

2.4. Powder X-ray Structural Study

Temperature-induced structural changes were followed by in situ X-ray

powder diffraction on a Bruker D8 Discover diffractometer (Bruker, Karlsruhe,
Germany) equipped with LYNXEYE XE-T detector in Bragg—Brentano geometry
(Bruker, Karlsruhe, Germany). Data were collected in the 20 range 19.5-33° in the
temperature range from 273 K to 80 K.

Crystal structures were refined using the Rietveld method in HighScoreXpert

Plus (Version 4.5, March 2016). The thermal expansion coefficients were calculated
from the refined unit-cell parameters obtained from the variable-temperature dif-
fraction data. The axial thermal expansion coefficients along the principal axes
were calculated using software PASCal [33].
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2.5. Magnetization Study

Magnetic properties were studied on polycrystalline powder samples of 1 us-
ing a commercial MPMS 5 superconducting quantum interferometer device
(SQUID) magnetometer (Quantum Design, San Diego, CA, USA). The pressed
pellet was directly inserted into a measuring straw without any glue, such that the
measured signal came only from the sample. The temperature dependence of the
magnetization M(T) was measured in the temperature range 2-300 K in two
modes; first, the sample was cooled in zero field and measured in the applied
field H during heating (so-called ZFC curve), and then the sample was cooled in
the same field in which the M(T) was measured afterward during heating
(so-called FC curve). The magnetic hysteresis M(H) was measured at several sta-
ble temperatures in magnetic fields up to 5 T. No irreversibility was observed in
both M(T) and M(H) measurements, indicating that there is no long-range order-
ing or spin freezing. For the calculation of the molar magnetic susceptibility y, the
measurement of M(T) in a field of 1000 Oe was used to ensure both a linear M(H)
response and a sufficiently high signal to reduce the influence of noise, such that the
calculated y(T) = M(T)/H was a reliable physical function. A relatively broad
maximum around 45 K in the x(T) dependence points to the existence of an anti-
ferromagnetic interaction and indicates the low-dimensional magnetic structure.
In accordance with the chain structure of the iron(Ill) ions, the Fisher formula [34]
for the susceptibility of magnetic chains consisting of large spins,

Nyg2ug?S(S+1) 1+u

(1) = 3k,T 1-u @
where
_ 1S(S + 1) kT
u= COth[ kgT | []5(5 Y @

was used to fit the measured dependence. Here, S = 5/2 is large enough to ensure the va-
lidity of the Fisher formula. | is the exchange interaction between the neighboring spins
used in the spin interaction Hamiltonian H = —J Zifl- -§i+1, and other symbols have
their usual meaning. Temperatures above 25 K were used in the fitting, because the
Fisher function itself is limited to the temperatures not far below the maximum of the
susceptibility (=]). For the best-fitting curve, the obtained value for the intra-chain su-
per-exchange interaction between the neighboring Fe’ ions was | = (-7.58 + 0.09) cm™!
(-10.9 £ 0.2) K, with g = (2.01 + 0.01). The small rise in y with cooling to the lowest tem-
peratures came from the impurities. Fitting with the paramagnetic term added to the yr
was not successful because of two possible effects: the Fisher function was not valid for
the lowest temperatures, and the impurities might have been of some other origin but
not paramagnetic. Comparing the shape of the y(T) dependence with another S = 5/2
spin chain system [35], an impurity molar ratio well below 1% can be estimated. Alt-
hough the fitted yr described the measured (T) dependence very well, extension of the
Fisher function with the mean field correction was also tried in order to probe if there
was some observable inter-chain interaction. The conclusion was that there were no de-
tectable interactions between the chains, as could already be concluded from the good
overlap of the Fisher function with the measured data.
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2.6. Proton Conductivity Study

The conductivity of compound 1 was measured by impedance spectroscopy (No-
vocontrol Alpha-AN Dielectric Spectrometer, Novocontrol Technologies GmbH & Co.
KG, Hundsangen, Germany) from 0.01 Hz to 1 MHz at 25 °C at different relative humid-
ity values: 61% (air, ambient conditions), 75%, 84%, and 93%. The relative humidity
inside the sample cell was obtained using saturated aqueous solutions of different
salts: NaCl (RH = 75%), KCl (RH = 84%), and KNOs (RH = 93%). In addition, the
impedance spectra of compound 1 were measured in dry nitrogen at tempera-
tures from —90 °C to 70 °C (temperature step: 10 °C) and in the frequency range
from 0.01 Hz to 1 MHz. The measurements were performed on polycrystalline
sample pressed into pellet of approximate thickness 0.8 mm. For the electrical
contacts, gold electrodes (3.8 mm in diameter) were sputtered on the opposite
surfaces of the pellet. The impedance spectra were analyzed by equivalent circuit
modeling using the complex nonlinear least-squares fitting procedure (ZView
software). From the values of electrical resistance (R) and electrode dimensions (A
is the electrode area, and d is the sample thickness) the DC conductivity was cal-
culated according to the following equation: opc = d/(A-R).

3. Results and Discussion
3.1. Synthesis and Crystal Structures of Compound 1

Yellow rod-shaped crystals of compound 1 were obtained via slow evaporation of
an aqueous solution containing a mixture of FeCls (1 mmol), H2C20+H20 (1
mmol), and (Cz2Hs)2(CHs3)N (2.2 mmol). It is important to note that compound 1
could not be formed without excess amine. It remained stable up to 420 K, when
the main mass loss occurred in two steps, followed by strong exothermic effects
ending around 973 K (Figure S1).

During preliminary collection of single-crystal X-ray diffraction data of 1 at RT
and later on at 100 K, a phase transformation was observed; to gain additional in-
sight into temperature-induced structural transformation of 1, in situ X-ray pow-
der diffraction (XRPD) measurements were performed (Figure 1la). In situ varia-
ble-temperature XRPD revealed that compound 1 exhibits two reversible phase
transitions: from the high-temperature phase HT to the mid-temperature phase MT
at T ~213 K, and from the mid-temperature phase MT to the low-temperature LT
phase at T ~120 K. The structures of HT-1, MT-1, and LT-1 were determined by
single-crystal X-ray diffraction at 243 K, 180 K, and 100 K, respectively. The crystal
data and details of the data collections and refinements for the reported phases
are summarized in Table 1.
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Figure 1. (a) In situ variable-temperature XRPD data of 1 collected in temperature range from 273 to 80 K during the
cooling and heating run. Diffraction patterns of HT-1, MT-1, and LT-1 are given in red, purple, and blue, respectively. (b)
Rietveld refinements for HT-1, MT-1, and LT-1 at T =273, 180, and 100 K, respectively. Experimental data are given by a
black line, the calculated pattern is shown in blue, and the red line represents the difference curve. Green vertical marks
show the positions of Bragg reflections. The thermal expansivity indicatrix and corresponding thermal expansion coeffi-
cients for each phase are shown in insets.

Rietveld structure refinement of the powder data at each T was performed
using initial structural models for HT-1, MT-1, and LT-1 as determined by sin-
gle-crystal diffraction (Figure 1b). The presence of the high-temperature poly-
morph HT-1 was observed in the temperature range from 273 K to 233 K. At 213
K, sample contained both HT-1 and MT-1 phases (33.2 wt% HT-1 and 66.8 wt%
MT-1). The mid-temperature polymorph remained stable down to 120 K, when the
transformation to the low-temperature phase LT-1 occurred (78.5 wt% MT-1 and
21.5 wt.% LT-1). The low-temperature polymorph remained stable down to 80 K.
During the heating run, phase transitions were again observed at T ~120 K and T
~213 K; however, the quantitative composition was slightly different from that
found during the cooling run, indicating a small hysteresis in the temperature of
the phase transition (Figure 1).

Phases HT and MT crystallized in a P2i/c space group, while LT crystallized
in P21/n (Table 1), with all three comprising [FeCl2(C204)]»"~ chains packed in the
same fashion and diethylmethylammonium cations (CHs)(C2Hs)2NH* located be-
tween them (Figure 2).
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Figure 2. Packing of the [FeCl2(C204)]+"~ chains in (a) LT, (b) MT, and (c) HT structures of coordi-
nation polymer {[NH(CHs)(C2Hs)2][FeCl2(C204)]}x (1) viewed in the direction of chains.

The temperature dependence of the unit-cell parameters is given in Table S1,
while the thermal expansion behavior for each phase is represented by the ther-
mal expansivity indicatrices shown as insets in Figure 1. It is noteworthy that all
three polymorphs, but especially HT-1, exhibited large linear thermal expansion
coefficients along the b- and c-directions (Figure 1b). Molecular crystals usually
exhibit a thermal expansion coefficient in the range of 20 x 10-¢ K-, but large ther-
mal expansions have recently been reported for (phenylazophenyl)palladium
hexaflouracetyacetonate (260 x 10-¢ K1) [36],
N'-2-propylidene-4-hydroxybenzohydrazide (360 x 106 K1) [37], and a copper(Il)
complex with imidazoliums (346 x 10-¢ K1) [38].

Compound {[NH(CHs)(C2Hs)2][FeClI2(C204)]}» (1) comprises infinite anionic
chains [FeCl2(C204)]»~ and diethylmethylammonium cations (C2Hs)2(CHs)NH*.
Each iron(IIl) center is coordinated by two oxalate ligands in a cis arrangement and
two terminal Cl ligands occupying the remaining two positions (also in a cis fash-
ion). Due to an approximate C2 symmetry of the coordination sphere, the Fe atoms
act as stereogenic centers with alternating A- and A-configurations. Each oxalate
ligand acts as a (bis)bidentate ligand bridging two Fe®" ions with opposite config-
urations to form zig-zag chains (Figure 3); the Fe—O and Fe—Cl distances are similar
to those previously reported [24,39-42]. Detailed geometric parameters describing
the coordination of Fe ions in the three phases of compound 1 are given in Table
S2.

Figure 3. The [FeCl2(C204)]"~ chains in polymer 1 with indicated configuration of stereogenic
iron(III) centers. A side-view of the chains is shown on the left, and a view along a chain is shown
on the right.

The positions, as well as the arrangement of the cations acting as hydrogen bond
donors toward the carbonyl oxygen atoms, were different in the three phases (Table S3).
In the case of the HT structure, the cation was disordered over two positions; each do-
nated a bifurcated hydrogen bond to a different [FeClx(C204)]»"~ chain (Figure 4c),
whereas, in the MT structure, the cation was ordered and donated a single hydrogen
bond (Figure 4b). The LT structure had two symmetry-independent cations (Z' = 2) that
had different conformations; in both, one ethyl group was disordered. Both cations
served as donors of a single unbifurcated hydrogen bond (Figure 4a).
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Figure 4. The [FeCl2(C204)]»"* chains with hydrogen-bonded cations in (a) LT-1, (b) MT-1, and (c)
HT-1 structures. The inset shows a close-up view of hydrogen bonds formed by the cation.

3.2. Magnetic and Charge Transport Properties of Compound 1

The chain structural ordering of iron(Ill) ions bridged by oxalate ligands was also
confirmed by the temperature dependence of magnetic susceptibility, as shown in Figure
5. In agreement with the determined structure, the x(T) is modeled using the Fisher
formula [34]. Other relevant details related to the study of the magnetic properties of 1
are given in Section 2. The best-fitting curve was obtained for the antiferromagnetic
exchange interaction | =-7.58(9) cm™! between the neighboring iron(Ill) ions of spin
5/2 with g = 2.01(1) (Table S4). Linear M(H) curves were consistent with antiferro-
magnetic coupling along the chains, and their slopes at different temperatures re-
flect the x(T) behavior. In contrast to some oxalate-bridged chains of iron(III) con-
taining different counterions [24,39,40], which even exhibit a spontaneous magnetic
order, no interaction between the chains was observed in 1. In the case of 1, the
intra-chain interaction was stronger compared to most literature reports and ap-
proached the ideal Heisenberg spin-chain, as similarly found in [41].
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Figure 5. Temperature dependence of magnetic susceptibility, x(T), measured in field of 1000 Oe.
The orange solid line is the fitted curve. The inset shows the field dependence of magnetization,
M(H), expressed in Bohr magnetons per formula unit, at different temperatures, with visual
guidelines.

The proton conductivity of 1 was evaluated by impedance spectroscopy using
a compacted pellet of the powder sample at various humidity rates. With the in-
crease in RH from 61% to 93% at 298 K, the conductivity increases by more than
five orders of magnitude and reaches the value of 2.70 x 10~ (€-cm)~, indicating
the excellent humidity-sensing properties of 1 (Figure 6). The conductivity of 1 is
several orders of magnitude higher than other 1D coordination polymers
({[Zn(C10H20s)0.5(C10S2N2Hs)]-2H201]}» (1.33 x 107 (Q2-cm)~! at RT and 95% RH) [43]
and [Mn(dhbq)(H20)2]» (4 x 105 (Qcm)? at RT and 98% RH; dhbq =
2,5-dihydroxy-1,4-benzoquinone]) [44], and it is rivaled only by 1D polymer
[Fe(H20)2(C204)]s, which achieved 1.3 x 10-3 (Q-cm)! at 98% RH [23].
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Figure 6. The proton conductivity of 1 as a function of relative humidity (RH) at room temperature.
The inset in the left corner shows the time-dependent proton conductivity of 1 at 84% RH. The inset
in the right corner shows the Nyquist plot of 1 measured at RH = 84%. The impedance semicircle
corresponds to the bulk response of the sample, and low-frequency spur is related to the blocking of
protons at the surface of the electrodes. The corresponding equivalent electrical circuit consists of a
parallel combination of resistor and constant phase element (CPE 1), which models the bulk re-
sponse, and an additional constant phase element (CPE 2) in series, which is related to the spur. The
Nyquist plots of 1 in other RH conditions are given in Figure S3.
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The strong dependence of conductivity upon humidity indicates that efficient pro-
ton transfer plays a crucial role in achieving the high conductivity values of 1[7-14]. No
change in the structure of 1 was observed after treatment with humidity, indicating the
stability of compound 1 (Figure S2). Moreover, the time-dependent measurements show
that 1 could maintain stable proton conductivity for a period of least 12 h, which is very
beneficial for practical applications of this material (inset in Figure 6).

It is well established that water molecules have a pronounced effect on proton
conductivity; as the number of waters increases, the conductivity increases due to the
complex interpenetrating hydrogen bonding network, which enablse more efficient
proton transfer [19]. Although not as pronounced as in the 3D frameworks, the
best-performing 1D polymer [Fe(H20)2(C204)]» also featured an interesting intermolecu-
lar assembly: two water molecules coordinated axially to a ferrous ion forming a 1D or-
dered array, in addition to the 1D chain composed of ferrous ions and oxalate. In this
regard, it is particularly important to note that the coordination polymer 1 contains nei-
ther coordinated nor crystalline water.

The hydrophilic channels were filled with diethylmethylammonium cations, which
were not mutually interconnected and, thus, did not form a significant hydrogen bond-
ing network (Figure 4.) Nevertheless, the room-temperature proton conductivity of 1 is
still quite comparable to that of [Fe(IH20)2(C204)]s, suggesting that the alkyl ammonium
cations, which were only connected to the 1D coordination polymer via hydrogen bonds,
can also facilitate fast and efficient proton transfer, leading to the observed high proton
conductivity in 1.

Moreover, it should be noted that the proton conductivity of compound 1 is com-
parable to that of metal-organic frameworks (MOFs), which typically lies in the range
~102-10*(CQ-cm)* [7,14]. Furthermore, it is close in value to the proton conductivity of
covalent organic frameworks (COFs) with the best proton conductive performance of
~10--107 (Q-cm)! [45].

Interestingly, the phase transition between the HT-1 and MT-1 phases was
also evident in the temperature dependence of the conductivity measured in dry
nitrogen, where two distinct ranges were observed: below 213 K characterized by a
lower activation energy for the conductivity, Ea= 0.42 eV, and above this temper-
ature, where the activation energy was higher, Ea= 0.62 eV (Figure S4). It can be
concluded that the as-prepared sample (HT-1) has a low intrinsic proton conductivity
under ambient conditions, which is thermally activated with an activation energy of
0.62 eV, indicating a vehicle mechanism related to the diffusion of protons com-
bined with the solvent acting as a vehicle. This is to be expected considering that the
hydrogen-bonding array within the channel is not very complex and, thus, proton
hopping is reduced. By lowering the temperature, the presence of the phase MT
(Figure 1) decreases the activation energy, approaching the Grotthus mechanism
[7,9]. It is likely that the different binding of the cations to the oxalate chains
through hydrogen bonds affects the observed changes in the activation energy
(Figure 4 and Table S3) of proton conductivity, indicating that the structural ar-
rangement of MT-1 is more suitable for proton transport.

4. Conclusions

In  summary, we  reported an  oxalate-bridged 1D  material
{[NH(CHs)(CzHs)2][FeCl2(C204)]}x that exhibits great structural flexibility demonstrated
by the appearance of three different polymorphic phases that possess additional multi-
functional features; the compound consists of antiferromagnetic spin chains with strong
exchange interactions but also shows excellent humidity-sensing properties and high
proton conductivity. These studies show that the incorporation of a relatively simple yet
quite flexible alkyl-substituted ammonium derivative as a counterion can lead to an
emergence of important intrinsic properties of materials that are attractive for various
applications.
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