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Herein we report the synthesis and structures of
[(CH3)2NH2]Er(HCO,),(C204) and [(NH2)3CIEr(HCO,),(C204), in
which the inclusion of divalent oxalate ligands allows for the
exclusive incorporation of A* and B* cations in an ABXz hybrid
perovskite structure for the first time. We rationalise the observed
thermal expansion of these materials, including negative thermal
expansion, and find evidence for weak antiferromagnetic coupling
in [(CH3)2NHZ]Er(HCO,),(C,0,).

Perovskites have long dominated the field of functional
materials due to the wide range of conducting, ferroelectric,
magnetic and catalytic properties they are known to exhibit."™
This is largely due to the high degree of chemical flexibility
they can exhibit within their general ABX; formula (where A
and B are larger and smaller cations, respectively, and X is the
anionic ligand). While the focus on perovskites has tradition-
ally been on purely inorganic materials, e.g. metal oxides,
recently there has been tremendous interest in perovskite
materials that combine both inorganic and organic building
blocks. This is best known in semi-conducting phases such as
(CH3NH;)Pbl;, which promise to be the next generation
photovoltatics,® and AM(HCO,); (where A is a molecular
cation and M a divalent transition metal or alkaline earth)
phases where hydrogen bond driven ordering of the organic
A-site cations leads to ferroelectric properties, which when
combined with magnetically ordered frameworks can give rise
to multiferroicity.” > Such hybrid perovskites have shown tre-
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mendous chemical flexibility with regards to the wide range of
molecular building blocks they can incorporate on either their
A-sites, where many amine related moieties have been incor-
porated, or X-site, where monovalent ligands including
halides, formate, hypophosphite, azide, cyanide and tetrahy-
droborate have been featured.”'*> ' Inorganic-organic perovs-
kites, however, remain much less chemically flexible than
purely inorganic perovskites with regards to the range of
different charges on cations they can accommodate due to the
almost complete dominance of monovalent ligands in hybrid
perovskites. This restricts the vast majority of “simple” ABX;
inorganic-organic perovskites to monovalent A-site and diva-
lent B-site cations, restricted by the total formal charge of 3™
on the ligands in their formula unit. This contrasts sharply
with simple perovskite oxides where the total of 6~ on the O*~
ligands allows a far greater range of cation charges to be incor-
porated, with A"/B>", A**/B*" and A*'/B*" combinations all
common.’

The dominance of monovalent ligands in inorganic—
organic ABX; perovskites restricts examples with B** cations to
cases with either neutral A-site species, which may lead to
reduced stability and less well defined stoichiometry as they
are not essential for charge balance,"” ™ or a mixture of mono-
valent and trivalent B-site cations.”'* ALn*'(HCO,), (where Ln
= a lanthanide or yttrium) phases are known but this deviates
from the ideal ABX; stoichiometry and, furthermore, in most
perovskite-like ALn**(HCO,), phases the fourth ligand leads to
additional diagonal connectivity between Ln cations increas-
ing the number of lanthanides they are connected to from six
to eight deviating from perovskite connectivity.”’>* Realising
inorganic-organic perovskites with divalent ligands has the
potential to greatly enhance their chemical flexibility in a
similar fashion as seen when comparing purely inorganic
halide and oxide perovskites.” To the best of our knowledge
the only hybrid perovskites with divalent ligands reported
thus far are the fascinating A"(B*;B>")(C,04); perovzolates;
their chemical flexibility is, however, much reduced compared
to even other inorganic-organic perovskites.>*>* This can
be best understood by expressing their stoichiometry as
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A%).5(B0.75B%0.25)(Co.50)3, highlighting that the total charge
on their effective 3 X anions is a total of 1.57, coupled with a
limitation to small A-site cations.

Inspired by the ALn(HCO,), and A%y,5(B*0.75B> 0.25)(Co.50)s
phases, in this work we have sought to explore new
AEr(HCO,),(C,0,) phases in which the inclusion of the diva-
lent oxalate ligand in place of a monovalent formate allows the
inclusion of a combination of exclusively A" and B** cations
in a ABX; hybrid perovskite for the first time; Er*" being
the smallest economical lanthanide. Herein we report the
solvothermal synthesis of [(CH;),NH,]|Er(HCO,),(C,0,) and
[(NH,);CJEr(HCO,),(C,04) and their crystal structures, in
which the bidentate oxalate ligands lead to eight coordinate
Er*" cations linked to six neighbouring Er cations by a mixture
of formate and oxalate linkers. We find that the A-site cation
in both compounds remain ordered to at least 500 K,
suggesting related phases are likely to be potential ambient
temperature ferroelectrics while [(CHj3),NH,]Er(HCO,),(C,0,)
is weakly antiferromagnetic. We also report the anisotropic
thermal expansion of these phases, rationalising negative
thermal expansion (NTE) due to a framework hinging mechanism.

The two compounds reported in this work,
[(CH3),NH,]Er(HCO,),(C,0,4) and [(NH,);CJEr(HCO,),(C,04),
were both made by solvothermal synthesis by reacting Er(NO;)s-

5H,0, oxalic acid, sodium carbonate and either an
ethanolic solution in dimethylamine or guanidinium
carbonate in a 1:1 mixture of deionised water:N,N-

dimethlyformamide at 100 °C (see ESI{ for further details).
[(CH3),NH,|Er(HCO,),(C,0,) is P2/n  monoclinic  while
[(NH,);CJEr(HCO,),(C,04) adopts Pcca orthorhombic symmetry,
space group numbers 13 and 54, respectively (see Fig. S1 and
S27t for depictions of the asymmetric units). The differences in
symmetry likely arises from the shape and orientation of the
molecular cations given the similarity of other aspects of the
structure. Each Er’* cation is coordinated to one oxygen from
each of the two carboxylates in two oxalate linkers and four
oxygen atoms from different formate linkers. This leads to all
Er*" cations being eight coordinate in a square antiprismatic
geometry (see Tables S2 and S3+ for selected coordination bond
distances and angles), a significant departure from the octa-
hedral B-site cations of conventional perovskites enabled by the
bidentate oxalate ligand. Crucially, however, the compound can
be viewed as adopting a hybrid perovskite structure since the
bidentate oxalate ligand is acting as a single linker between
neighbouring polyhedra leading to each ErOg polyhedra being
connected to only the expected six neighbours (see Fig. 1 for
depiction). Herein we will therefore refer to these compounds as
hybrid perovskites, retaining the phrase perovskite-like for struc-
tures that deviate from perovskite connectivity and/or ABX; com-
position, e.g. related layered structures, those with ordered B-site
cation vacancies or the aforementioned ALn(HCO;), phases.

In [(CH3),NH,]Er(HCO,),(C,0,), the oxalate ligands provide
connectivity along both directions in the ab plane, alternating
with formate linkers, while the other distinct formate linkers
provide connectivity along the c-axis. Similar connectivity also
occurs in [(NH,);CJEr(HCO,),(C,0,) but in this case the
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Fig. 1 Crystal structures of (a) [(CHz),NH,]Er(HCO,),(C,0,4) and (b)
[(NH2)3CIEr(HCO,)2(C,04). ErOg polyhedra are shown in dark green
while carbon, oxygen, nitrogen and hydrogen atoms are shown in black,
red, blue and pink, respectively. Hydrogen bonds are shown between
donor and acceptor atoms as yellow dotted lines.

formate linkers provide connectivity along the b-axis and alter-
nate with oxalates in the ac plane. All Er cations have bond
valence sums consistent with Er**, with the two distinct
cations in [(CHj3),NH,]Er(HCO,),(C,0,) being 2.99 and 3.01
while in [(NH,);CJEr(HCO,),(C,0,4) they are 3.06, using struc-
tures determined at 293 and 310 K, repectively.”®

The wunit cells of [(CH3),NH,]Er(HCO,),(C,0,) and
[(NH,);CJEr(HCO,),(C,0,) are v/2 x 1/2 x 2 and /2 x 1 x 21/2
supercells of an undistorted (and unrealised) parent phase
(see Fig. S3 & S4f for full depiction of units cells). In
[(CH3),NH,]Er(HCO,),(C,0,4) this appears to result from the
alternating orientation of the equivalent [(CH;),NH,] cations,
although the supercell expansion within the ab plane is also
required for the reorientation of neighbouring ErOg polyhedra
by approximately 180° along the two axes where the polyhedra
are connected by a mixture of formate and oxalate ligands.
The supercell of [(NH,);C]Er(HCO,),(C,0,4) allows similar alter-
nating orientation of the [(NH,);C]" cations and ErOg poly-
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hedra within the ac plane, although the 2\/ 2 expansion of the
c-axis seems to be primarily required by alternating orien-
tations of both types of ligands along this direction.

There are bifurcated hydrogen bonds between each hydro-
gen in the NH, group and an oxygen atom attached to each of
a formate and oxalate ligand with donor-acceptor distances of
between 2.987(6) and 3.088(6) A at 293 K. There are
more extensive, but longer, hydrogen bonds between the
[(NH,);C]" cations and the framework it is encased in, the two
equivalent NH, groups are involved in one single and one
bifurcated hydrogen bonds with oxygen atoms from one
oxalate and two formate ligands with donor-acceptor distances
of 3.068(15) and 3.127(15) A. The third NH, group is involved
with two bifurcated hydrogen bonds at distances of 3.119(18)
and 3.228(9) A with oxygen atoms from oxalate ligands.

In these materials both [(CH;),NH,]" and [(NH,);C]"
cations remain ordered up to 500 K, the highest temperature
examined in this study, with no change in symmetry detected.
While the extensive hydrogen bonding facilitated by the
[(NH,);C]" cations enables ordering in these above ambient
temperature in the [(NH,);C]M(HCO,); (M = a divalent tran-
sition metal or magnesium cation),””*® this is well above the
ordering temperature of the [(CH,),NH,]M(HCO,);, which only
order below ambient temperature, with the exception of the
Jahn-Teller distorted Cu phase.”**> The increase in the
strength of the hydrogen bonding may arise from (a) the sub-
stitution of the oxalate ligand for the formate linker and/or (b)
the greater polarisation of the Er-O bonds, caused by the low
electronegativity of the lanthanides, which increases the
charge on the oxygen atoms of the ligand and thus stronger
hydrogen bonds with the A-site cation. Regardless of its
origins, the retention of A-site cation order to high tempera-
ture in these materials is significant with respect to the poten-
tial for related compounds to be ferroelectric at ambient temp-
eratures. Although the materials reported here are centro-
symmetric, we expect exchanging these A-site cations for those
with different shape and hydrogen bond directionality will
lead to compounds with polar ordering patterns, as is well
established for the AM(HCO,); phases.

The thermal expansion of [(NH,);C]Er(HCO,),(C,0,), ana-
lysed from 100-500 K using the program PASCal,* indicates
the c-axis undergoes NTE of —33.7(8) MK~ ' with the a-axis and
b-axis undergoing positive thermal expansion (PTE) of 57.7(8)
and 11.4(7) MK, respectively, leading to PTE of the unit cell
volume of 35.9(1.7) MK~ " overall (see Fig. 2 for lattice para-
meters). The thermal expansion of [(NH,);CJEr(HCO,),(C,04)
is consistent with behaviour seen in the anisotropic NTE
and zero linear compressibility of the orthorhombic
[(NH,);CIM(HCO,); (M = Mn or Co) phases, which also occur
along the c-axis, which is parallel to the plane of every
[(NH,);C] cation.>*”® In the [(NH,);C]M(HCO,); phases, the
observed anisotropic thermal expansion has been rationalised
in terms of hinging of the metal-formate framework, which is
also observed for [(NH,);CJEr(HCO,),(C,04) within the ac-
plane (Fig. 1b and Fig. S5at). Framework hinging combines
with expansion of M-formate-M struts upon heating to give
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Fig. 2 Plot of unit cell lengths versus temperature for [(CHz),NH,]Er
(HCO,)(C204) and [(NH2)3sCIEr(HCO,),(C,04) determined using single
crystal X-ray diffraction. Errors in lattice parameters are smaller than the
symbols. g angles fluctuate between 96.643(14)-97.185(2)° with temp-
erature for [(CH3)2N Hz]Ef(HCOz)Z(C204)

the overall observed thermal expansivities.’>* As is also seen

here, this leads to greater expansion of the a-axis (PTEpinging +
PTEg) Which is accompanied by a more modest contraction
along the c-axis (NTEninging * PTEgrut), and finally a small
expansion along the b-axis solely from strut expansion.

The direction along which the large PTE and NTE occurs in
[(NH,)3;C]Er(HCO,),(C,0,4) can be rationalised from the angles
between the Er cations within the ac plane. Hinging of the
framework will tend towards a more isotropic pore shape to
accommodate the guanidinium cation.*® Thus the angles
between connected Er*" coordination along the a-axis of 98°
and those of 78°/86° along the c-axis (at 100 K) will decrease
and increase, respectively, leading to the observed large PTE
along the a-axis and NTE along the c-axis (Fig. S3af).
Interestingly hinging induced thermal expansion in
[(NH,);C]Er(HCO,),(C,0,4) appears more extreme than in
the [(NH,);C]M(HCO,); phases.>® Thus [(CH;),NH,]Er
(HCO,),(C,0,4) will likely exhibit zero or negative linear com-
pressibility along the c-axis under pressure.®®

The thermal expansion along the principal axes (the orthog-
onal axes along which thermal expansion occurs purely in a
linear fashion)*® of monoclinic [(CH;),NH,]Er(HCO,),(C,04)
are much more modest. Using the program PASCal,* the
expansivities were calculated at 10(3), 12(3) and —8.9(1.6)
MK for the (0,1,0), (—0.673,0,—0.740) and (—0.934,0,0.359)
directions, respectively, from 170 K to 500 K (see Fig. 2
for lattice parameters and Fig. S6t for orientation of
the principal axes compared to the framework pore).
[(CH3),NH,]Er(HCO,),(C,0,4) is more rigid than both the
[(NH,);C] analogue and the [(CHj),NH,]M(HCO,); family.**
Framework hinging is greatly reduced compared to those

Dalton Trans., 2021, 50, 5437-5441 | 5439
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materials as can be seen from the evolution of the Er con-
nected framework angles (Fig. S5bt). Only one framework
angle varies noticeably with heating, which corresponds to the
part of the framework where there are no hydrogen bonding
interactions from the DMA cation. This suggests that the stron-
ger hydrogen bonding that leads to the [(CH;),NH,]" cations
retaining order in [(CH3),NH,]Er(HCO,),(C,0,) to 500 K is also
responsible for greater rigidity in the framework, compared to
the [(CH3),NH,]M(HCO,); family. The effect of hydrogen
bonding strength on mechanical properties was also noted for
[C(NH,);]Mn(HCO,); and [(CH,);NH,]Mn(HCO,);.>®

Samples of both phases were confirmed to have high bulk
purity using powder X-ray diffraction (see ESI{ for experi-
mental description and Fig. S7 and S8f for Le Bail fits
to the data). This was confirmed by the Elemental
Microanalysis Service at London Metropolitan University,
which yielded 18.38% C, 2.56% H and 3.52% N for
[(CH3),NH,]Er(HCO,),(C,0,) ¢f. 18.41% C, 2.58% H and 3.58%
N while 15.15% C, 1.60% H and 10.23% N were obtained for
[(NH,);CJEr(HCO,),(C,0,) ¢f. to 14.81%, 1.99% H and 10.37%
N. [(CH3),NH,]Er(HCO,),(C,0,) and [(NH,);C]Er(HCO,),(C,0,)
remain stable when heated in nitrogen to about 560 K and
650 K, respectively, above which they decompose endothermi-
cally (see ESI{ for details of thermogravimetric analysis and
Fig. S9 & S107 for plots of this data). [(NH,);C]Er(HCO,),(C,0,)
decomposes at significantly higher temperatures than related
ALNn(HCO,),*°* or [(NH,);C]M(HCO,); materials*”*® and does
not change significantly when the sample is heated under air
(see Fig. S117) indicating this is retained under oxidising con-
ditions. The infrared spectra of the compounds are very
similar with broad features around 3200-3500 cm™" from N-H
stretches and near 3000 cm™' from C-H stretches, strong
sharp features at about 1500-1600 and 800 cm ™" due to C-O
modes, 1300-1450 cm™" consistent with C-H bending modes
and 1000-1100 cm™" from C-N bends (see ESI, including
Fig. S12,7 for further details).

The radially contracted nature of Er’s 4f electrons means
any magnetic coupling in these materials is likely to be
subtle and similar given the analogous coordination environ-
ments and connectivity of the B-site cations. We have
measured the zero field cooled (ZFC) and field cooled (FC)
magnetic susceptibility of [(CH;),NH,]Er(HCO,),(C,0,) under
an applied field of 1000 Oe (see Fig. 3 for data, experimental
details given in the ESIf). These remain paramagnetic down
to 2 K, with a plot of the inverse ZFC susceptibility data well
fitted by Curie-Weiss law down to 10 K, below which there is
a small deviation, possibly due to crystal field effects quench-
ing part of the orbital angular moment. This fit yields a
Weiss temperature, Ow, of —6.4 K and an effective magnetic
moment of 9.43ug c¢f. to 9.58up calculated from Russell-
Saunders equation. The Oy suggests that the magnetic coup-
ling in the compound is antiferromagnetic, consistent with
the significant decrease observed in y,T at temperature
below 50 K (see Fig. S131). Magnetisation measurements
carried out at 2 K increase linearly up to 10 kOe before
beginning to saturate at around 5up per Er cation (see
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Fig. 3 Plot of y versus temperature for [(CH3),NH,]Er(HCO,),(C,0,) for
fields of 1000 Oe with ZFC and FC data shown as hollow black and filled
blue markers, respectively. The insert shows a linear fit to the inverse FC
susceptibility.

Fig. S14%). Consistent with paramagnetic behaviour there is
no hysteresis observed.

This work has reported the synthesis and crystal structures
of [(CH3),NH,]Er(HCO,),(C,04) and [(NH,);C]Er(HCO,),(C,0,),
the first hybrid ABX; perovskites with a combination of mono-
valent and divalent ligands. While these materials are centro-
symmetric their A-site cations remain ordered to 500 K,
suggesting modification of the A-site cation in these materials
to those adopting a polar ordering pattern may lead to phases
with interesting piezoelectric and ferroelectric properties at
ambient temperature. We also observe anisotropic NTE in
[(NH,);C]Er(HCO,),(C,0,), which can be rationalised via a
similar mechanism as used for the related [(NH,);C]M(HCO,)3
phases but with a greater magnitude than reported in these
materials. [(CH3),NH,]Er(HCO,),(C,0,) is shown to have a
greater rigidity and have weak antiferromagnetic coupling.
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