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ABSTRACT: Organic−inorganic hybrid materials have enormous potential
for applications in catalysis, gas storage, sensors, drug delivery, and energy
generation, among others. A class of hybrid materials adopts the ABX3
perovskite topology. We report here the synthesis and characterization of an
isostructural series of dense hybrid perovskites, [(CH3)2NH2][M-
(HCOO)3], with M = Mn, Co, Ni, and Zn. These compounds have
shown promising multiferroic behavior. Understanding their stability is
crucial for their practical application. We report their formation enthalpies
based on direct measurement by room-temperature acid solution
calorimetry. The enthalpy of formation of this dimethylammonium metal
formate series becomes less exothermic in the order Mn, Zn, Co, Ni. The
stability of the hybrid perovskite decreases as the tolerance factor increases,
unlike trends seen in inorganic perovskites. However, the trends are similar
to those seen in a number of ternary transition metal oxides, suggesting that
specific bonding interactions rather than geometric factors dominate the energetics.

■ INTRODUCTION

Hybrid organic−inorganic materials have attracted enormous
attention in the past decade due to their variety of possible
structures and their applications in emerging technologies.1−3

They can be defined as a homogeneous composite of organic
and inorganic components at the molecular level or nanoscale.
While the organic moiety offers excellent properties such as
structural diversity, elasticity, ease of processing, and efficient
luminescence, the inorganic part provides key characteristics
such as electrical mobility, thermal stability, band gap
engineering, and magnetic and dielectric properties.4−6 One
of the major subclasses of hybrid materials is metal−organic
frameworks (MOFs), which can be further divided into two
broad categories: nanoporous MOFs and dense MOFs.
Currently a majority of the publications in this field describe
porous MOFs, which have potential applications in the fields of
gas storage and catalysis.7,8 The structural flexibility and
chemical diversity offered by almost unlimited combinations
of metal ions and long-chain organic linkers make it possible to
design and tailor these materials. Dense hybrid MOF materials
are framework structures which incorporate inorganic con-
nectivity in all three crystallographic directions. They are
gaining enormous interest because they exhibit a wide range of
interesting physical properties, such as superconductivity,
colossal magnetoresistance, nonlinear optical effects, electrical
conductivity, and luminescence.9−12 A subset of such hybrid
frameworks adopts perovskite-like structures with the general
formula ABX3, where A is a protonated amine, B and a divalent
metal, and X is a halide, cyanide, azide, or carboxylate.13,14 One
such example is formate-based perovskites, [A-M-(HCOO)3].

They contain a divalent transition metal ion (M2+) which
occupies BO6 octahedra, linked by a formate (HCOO−)
bridging ligand to form a cavity which is occupied by an organic
cation, as shown in Figure 1. They are gaining significant
attention for their ferroelectric and multiferroic properties,
which are observed upon cooling due to ordering of amine
cations in the perovskite cavity.15,16

The organic cation located in the cavity has some degree of
motional freedom, a factor that has been exploited to develop

Received: June 12, 2015
Published: July 27, 2015

Figure 1. Structure of [DMA-Zn-F] perovskite.
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interesting physical properties. At room temperature the “A”
site occupied by the alkylammonium cation is disordered, but
upon cooling an ordering phase transition occurs, giving a
dielectric anomaly at the transition temperature.17 The ordering
of hydrogen bonding (N−H···O) of the alkylammonium cation
triggers the ferroelectic ordering at low temperature.18 Further,
the dense hybrid perovskites display large thermal expansion
coefficients.17 The thermal expansion anomaly observed at the
phase transition is not related to the elimination or insertion of
guest species. Rather, it originates from the order−disorder of
the alkylammonium cation inside the cavities and the associated
deformations of the [M(HCOO)3]

− framework, which directly
affect the dielectric properties.19 Likewise, the bridging ligand,
namely the formate anion, plays an important role in
determining the physical properties. Formate is the simplest
carboxylate that can adopt various bridging modes, such as
syn−syn, anti−anti, and syn−anti, and it has short bridges to
link metal ions and small steric effects.20,21 The dense MOFs of
divalent transition metals are also interesting due to the
variation delivered by the magnetic anisotropy and the spin of
3d transition metals.22,23 One such class of formate hybrid
perovskites is dimethylammonium metal formates,
[(CH3)2NH2]M(HCOO)3] (M = Mn, Fe, Co, Ni, and
Zn).21 Each of these compounds with a different metal exhibits
a ferroelastic phase transition at a different temperature.15

Dimethylammonium copper formate was one of the first in this
series, reported in 1973.23 However, its relationship to the
hybrid perovskite structure was not recognized until 2005.24

Since then, there has been growing interest in this class of
materials, with a large number of publications dealing with their
synthesis, properties, and applications.25−31 However, there is a
lack of understanding of their thermodynamic properties, which
raise interesting fundamental questions and are crucial to
understanding their synthesis, processing, and stability when
they are incorporated into devices. Here we report the synthesis
and characterization of dimethylammonium metal formates
[DMA-M-(HCOO)3], with M = Mn, Co, Ni, and Zn (hereafter
written as [DMA-M-F]), and, for the first time, investigate their

thermodynamic properties. We report their formation en-
thalpies based on direct measurement using room-temperature
acid solution calorimetry. We interpret the results in terms of
structural factors.

■ EXPERIMENTAL METHODS
Synthesis. [DMA-M-F] (M = Mn, Co, Ni, and Zn) samples were

synthesized by a solvothermal method followed by crystallization. Each
sample was synthesized under slightly different conditions. Dimethy-
lammonium manganese formate [DMA-Mn-F] was synthesized as
follows. In a typical experiment, 20 mL of N,N-dimethylformamide
(DMF), 1 mL of ethanol, 1 mL of water, 0.3 mL of formic acid, and
2.1 g of MnCl2· 4H2O were heated for 48 h in a Teflon-lined autoclave
at 140 °C.25 The obtained solution was left to stand at room
temperature, and colorless crystals were observed with slow
evaporation of water. This process took around 10 days when the
solution was left at room temperature. The solid was collected, washed
with ethanol, and dried at room temperature. Dimethylammonium
nickel formate [DMA-Ni-F] and dimethylammonium cobalt formate
[DMA-Co-F] were synthesized under similar solvothermal conditions
from the corresponding chlorides with slight changes in the synthetic
procedure. A mixture of 5 mmol of MCl2·6H2O, 30 mL of DMF, and
30 mL of deionized water was heated in a Teflon-lined autoclave at
140 °C for 48 h.32 After slow cooling of the solution to room
temperature, the precipitate was removed by filtration. Crystals were
obtained by evaporating the supernatant solution at room temperature
for about 1 week. The crystals were filtered and washed using ethanol.

Dimethylammonium zinc formate [DMA-Zn-F] crystals were
prepared by the hydrolysis of DMF. In a typical synthesis,
Zn(NO3)2·6H2O (1.73 g) was added to a mixture of DMF (25 mL)
and water (7.76 mL). The solution was poured into a Teflon-lined
autoclave and heated at 80 °C for 3 days.25 The solution was left at
room temperature for 10 days to get [DMA-Zn-F] crystals, which were
washed with ethanol and dried at room temperature.

DMF plays an important role in the syntheses of all these samples.
Besides behaving as the source of formate and dimethylammonium
ion, DMF also serves as a solvent for the crystallization of [DMA-M-F]
crystals, as these compounds are very soluble in H2O. This is also the
reason why the crystal growth takes time, as it involves the evaporation
of H2O, which is a slow process at room temperature.

Characterization. Powder X-ray diffraction (PXRD) of all the
samples was measured and recorded using a Bruker-AXS D8 Advance

Figure 2. Rietveld fit of PXRD patterns of all four DMA-M-F compounds.
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diffractometer operated at 40 kV and 40 mA using Cu Kα radiation.
Data were collected from 10 to 80° 2θ at a step size of 0.02° 2θ, with 1
s/step. The Rietveld technique was employed for structure refinement
of all the phases using X’pert HighScore Plus software. Published
crystal structures were used for the data refinement. DIAMOND
software was used to visualize the obtained structure and to evaluate
bond distances. Thermogravimetric (TG) analysis was performed
using a Netzsch 449 TG/DSC instrument under 1 bar Ar atmosphere
(25−500 °C, heating rate 5 °C/min, Pt crucible). A Bruker Equinox
55 FTIR spectrometer (range 400−4000 cm−1) operated with Opus
software was used to collect IR spectra.
Isothermal Acid Solution Calorimetry. A Calorimetry Sciences

Corp. (CSC) 4400 isothermal microcalorimeter operated with IMC
data acquisition software was used to measure the enthalpies of
dissolution of the samples at 25 °C. Typically, ∼5 mg hand-pressed
pellets were dropped into 25 g of 5 M HCl equilibrated in the sample
chamber of the calorimeter for about 4 h under mechanical stirring. In
the case of anhydrous metal chlorides, which are components of the
thermochemical cycle used, pellets were made inside a glovebox
operated under N2 atmosphere. Liquid formic acid, a constituent of
the thermochemical cycle, was injected through a Teflon tube that
extended into the silica connection tube until approximately 2 cm
above the solvent surface. The mass of injected formic acid was
determined by weighing the syringe assembly before and after
injection. All the weight measurements were done on a Mettler
microbalance with an accuracy of 10 μg. The calorimeter was
calibrated by dissolving 15 mg pellets of NIST standard reference
material KCl in 25 g of water, which corresponds to a reference
concentration of 0.008 mol kg−1 at 25 °C. The calibration factor was
calculated using the known solution enthalpy for the reference
concentration of 0.008 mol kg−1 and enthalpy of dilution measure-
ments. The total heat effect due to sample dissolution was obtained by
integrating the calorimetric signal with a linear baseline in Origin 8.5
software, which was then converted to joules, using the calibration
factor obtained using KCl. The enthalpy of formation was calculated
using an appropriate thermochemical cycle based on Hess’s law (see
Table 2). The use of a large amount of 5 M HCl (25 mL) for each
calorimetric run eliminates any sample-weight-dependent final state
variation in the thermochemical cycle. This methodology is essentially
the same as that used in our earlier work on metal−organic
frameworks.33,34

■ RESULTS
The PXRD patterns of all the four [DMA-M-F] are shown in
Figure 2. Rietveld refinements were performed using the
published crystal structures for each of the compounds.35 All
the compounds crystallize in trigonal space group R3 ̅, and the
refined lattice parameters are listed in Table 1. In the absence of
a structure model for the Co analogue, we use the one for Mn
for the refinement of the Co sample.

The a parameter with different M varies according to ionic
radii of the divalent cation in the order Ni < Zn < Co < Mn. All
the four hybrid perovskites are isostructural. The crystal
structure obtained after refinement of [DMA-Zn-F] as a
representative is shown in Figure 1. A part of this unit cell is
shown in Figure 3. It consists of a slightly enlarged NaCl type
framework of [M(HCOO)−3] with the dimethylammonium
cation occupying the cavities showing a trigonal disorder as

described earlier.19 Each metal ion is connected to its six
nearest neighbors through six formate bridges as shown in
Figure 3. The M−O distance for Mn is 2.187 Å, Co is 2.109 Å,
and Ni is 2.095 Å, which follows the order of their ionic radii.
However, the Zn−O bond distance is 2.116 Å. The obtained
atomic parameters are given in Table S1.
TG curves of all the samples are shown in Figure 4a. [DMA-

Mn-F], [DMA-Co-F], and [DMA-Zn-F] show two-step mass
loss between 150 and 350 °C. The first loss occurs at ∼150−
200 °C, which corresponds to the loss of one amine and one
formic acid per formula unit of compound, leading to the
formation of a metal formate [M(HCOO)2]. The observed
experimental percentage weight loss and calculated stoichio-
metric values (in parentheses) are 39.98% (38.6), 37.16%
(37.58), and 38.88% (38.01) for [DMA-Mn-F], [DMA-Co-F],
and [DMA-Zn-F], respectively. In the second step observed at
∼250 °C, there is a mass loss of about 30% due to
decomposition of metal formate leading to the formation of
the binary oxide. However, in [DMA-Ni-F], mass loss occurs in
one step instead of two, from ∼150 to 250 °C, indicating that
the decomposition of dimethylammonium and formate occurs
simultaneously. The total observed mass loss of 67.22% (68.71)
corresponds to the loss of one amine and three formate per
formula unit of [DMA-Ni-F].
The FTIR spectra are shown in Figure 4b. The observed

vibrational modes of all four compounds are similar. The bands
observed are characteristic of the protonated amine cation and
HCOO− and can be subdivided into internal vibrations of the
dimethylammonium cation and formate ions and the lattice
vibrations. The symmetric O−C−O stretching and bending
modes of formate appear at ∼1350 and ∼795 cm−1,
respectively. The symmetric stretching modes of (−CH2−) of
dimethylammonium cation appears at ∼1458 cm−1, and the
(−NH2−) asymmetric stretching modes appears at ∼1630
cm−1.35

Isothermal Acid Solution Calorimetry. The enthalpies of
formation of the [DMA-M-F] were calculated using the
thermochemical cycle shown in Table 2.
The measured drop solution enthalpies (ΔHds) of all four

[DMA-M-F] samples and the constituents of thermochemical
cycle used to calculate formation enthalpies are listed in Table
3. The formation enthalpy values of all the [DMA-M-F] crystals
calculated from their corresponding metal chlorides are
exothermic. The enthalpies of formation of [DMA-Mn-F],
[DMA-Co-F], [DMA-Ni-F], and [DMA-Zn-F] are −47.95 ±
1.12, −34.89 ± 0.68, −28.45 ± 0.25, and −41.66 ± 0.66 kJ/
mol, respectively.

Table 1. Refined Lattice Parameters of DMA-M-F Samples

sample space group a (Å) c (Å) R value

[DMA-Mn-F] R3̅c 8.331(2) 22.888(4) 15.1
[DMA-Zn-F] R3̅c 8.204(1) 22.295(3) 6.8
[DMA-Co-F] R3̅c 8.317(1) 22.850(6) 8.1
[DMA-Ni-F] R3̅c 8.138(3) 21.952(8) 7.1

Figure 3. Part of the unit cell of [DMA-M-F] showing metal atoms
octahedrally coordinated with bridging formate and dimethylammo-
nium cation in the cavity.
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■ DISCUSSION
Formation enthalpies of inorganic oxide perovskites are often
correlated with tolerance factor,37,38 which is an indicator of
distortion resulting from A−O and B−O bond length misfit. It
is given by

= + +t r r r r( )/ 2 ( )A O B O (1)

where rA and rB are the ionic radii of the cations which occupy
the A and B sites and rO is the ionic radius of the oxygen
anion.39 However, among hybrid perovskites the concept of
tolerance factor is less explored except for a recent report by

Cheetham et al.40 We calculate the tolerance factor for the
compounds studied in the present work based on their
approach and try to correlate the values to enthalpy of
formation obtained by calorimetry.
In hybrid perovskites we are dealing with molecular cations,

where varying bond length due to hydrogen bonding
interactions make it difficult to define an ionic radius. To
overcome this difficulty, Cheetham et al. used the crystallo-
graphic data of known perovskite-like hybrid frameworks and
estimated a consistent set of effective radii for different organic
ions.40,41 However, they applied a rigid sphere model for
organic cations and assumed rotational freedom. We have used
their equation to calculate the tolerance factor for the present
set of compounds,

= + +t r r r h( )/ 2 ( 0.5 )A,eff X,eff B X,eff (2)

The effective cation radius is given by

= +r r rA,eff mass ion (3)

where rmass is the distance between the center of mass of the
molecule and the atom with the largest distance to the center of
mass, excluding hydrogen atoms, and rion is the corresponding
ionic radius. For dimethylammonium rmass = 126 pm (distance
between center of mass of dimethylammonium and O atom of
formate anion), rion = 146 pm (ionic radius of oxygen), and the
calculated rA,eff = 272 pm. The anions are treated as rigid
cylinders because of their high anisotropy. For formate rXeff =
136 pm, and hX,eff = 447 pm.
Tolerance factors calculated using eq 2 for [DMA-M-F]

hybrid perovskites (M = Mn, Co, Ni, and Zn) are shown in
Table 4. Since formate is a weak field ligand, high spin radii of

Figure 4. (a) TG and (b) FTIR spectra of all four [DMA-M-F] samples.

Table 2. Thermochemical Cycle Used To Calculate the Formation Enthalpy of [DMA-M-F] (M = Mn, Co, Zn, and Ni)a

+ +

→

+ + −M [(CH ) NH ] 3HCOO

[(CH ) NH ]M(HCOO)

2
(aq) 3 2 2 (aq) (aq)

3 2 2 3(s)

−ΔH1

+ → ++ +MCl 2H M 2HCl2(s) (aq)
2

(aq) (5M HCl,aq)
ΔH2

· + → ++ +[(CH ) NH] HCl H [(CH ) NH ] HCl3 2 (s) (aq) 3 2 2 (aq) (5M HCl,aq)
ΔH3

· → + +− +x x3[HCOOH H O 3HCOO 3H 3 H O ]2 (l) (aq) (aq) 2 (aq)
3ΔH4

→x x3[ H O H O ]2 (l) 2 (aq) 3ΔH5

+ + ·

→ + · +

x

x

MCl [(CH ) NH]. HCl 3HCOOH H O

[(CH ) NH ]M(HCOO) 3 H O 3HCl

2(s) 3 2 (s) 2 (l)

3 2 2 3(s) 2 (l) (aq)

ΔH6

Δ = −Δ + Δ + Δ + Δ + ΔH H H H 3 H 3 H6(f,298) 1 2 3 4 5

aM = Mn, Co, Ni, and Zn; x = 0.07670 H2O per formula unit.

Table 3. Thermochemical Data Used for the Calculation of
Enthalpy of Formation of [DMA-M-F] (M = Mn, Co, Zn,
and Ni)

compound ΔHds (kJ/mol)
a ΔHf (kJ/mol)

DMA·HCl −2.78 ± 0.39 (4)
HCOOH −0.84 ± 0.17 (4)
H2O −0.5b

MnCl2 −48.06 ± 1.01(4)
CoCl2 −33.80 ± 0.49 (4)
NiCl2 −27.04 ± 0.91 (3)
ZnCl2 −44.52 ± 0.86(4)
[DMA-Mn-F] −5.29 ± 0.06 (4) −47.95 ± 1.12
[DMA-Co-F] −4.09 ± 1.34(4) −34.89 ± 0.68
[DMA-Ni-F] −3.77 ± 0.83(4) −28.45 ± 0.25
[DMA-Zn-F] −8.04 ± 0.37(4) −41.66 ± 0.66

aValues given in parentheses are the number of experiments
performed. bReferences 33 and 36.
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transition metal ions are used for the calculation. With “A”
(DMA) and “X” (HCOO−) being the same for all the four
compounds and “M” being variable, the calculated tolerance
factor for Ni is highest and that for Mn lowest.
The correlation between the enthalpy of formation of the

four isostructural [DMA-M-F] compounds and the calculated

tolerance factor is shown in Figure 5a. In inorganic oxide
perovskites, ideal cubic structures form when tolerance factor is
close to 1, and distorted perovskite structures are generally
observed for materials with a tolerance factor in the range of
0.8−0.95.37 The stability of such inorganic structures increases
as the tolerance factor approaches unity.43,44 Applying similar
concepts to the present work where all four hybrid frameworks
exhibit a tolerance factor between 0.941 and 0.986, we predict
that these materials would form with favorable energetics,
which is indeed observed in our calorimetric measurements.
However, these perovskites show lower symmetry than
expected from their tolerance factors, which is presumably
related to the presence of organic ligands.
Furthermore, the trend in formation enthalpy vs tolerance

factor (see Figure 5a) is opposite from that of inorganic
perovskites, where the enthalpy of formation becomes more
exothermic with increasing tolerance factor,45,46 although oxide
perovskites with divalent transition metals are not available for
comparison. ABF3 fluoride perovskites with divalent transition
metal ions do exist,47,48 but there is a lack of sufficient
thermodynamic data to compare the stabilities of fluoride
perovskites with their formate counterparts.49,50

The above observations thus suggest that geometric
mismatch as measured by tolerance factor is not a major driver
of thermodynamic stability in these hybrid perovskites.
Furthermore, unlike in the oxide perovskites, there are no
direct M-O-M linkages in the hybrid formate perovskites, and
the two metal atoms are linked through a bridging formate
ligand by M-O-C-O-M linkages. Figure 5b shows the enthalpy
of formation as a function of M−O bond distance obtained by
structure refinement of the PXRD patterns. [DMA-Ni-F] with
the smallest M−O bond distance has the lowest energetic
stability, and [DMA-Mn-F] with the largest M−O bond
distance is the most stable in the series. On the other hand, the
enthalpy of formation becomes more negative with increasing
cation radius in the B site. This may be because with increase in
the size of the transition metal cation its basicity increases as
well.
In the absence of sufficient thermochemical data for

Formate-perovskites with divalent transition metal cations
and because there are no oxide perovskites with divalent
transition metals in B sites, we used thermochemical data of
other ternary oxides containing divalent transition metals51−56

to compare observed energetic trends (Figure 6).

Figure 6 shows that enthalpy of formation of all these ternary
oxides from the binary oxides is most exothermic for
manganese and becomes gradually less exothermic for iron,
cobalt, and nickel. Overall the zinc compounds are comparable
in enthalpy or slightly more stable than those of iron, cobalt,
and nickel. Differences in zinc coordination (octahedral vs
tetrahedral) may play a role in these variations. The trend for
the [DMA-M-F] hybrid perovskites with M = Mn, Co, Ni, and
Zn is similar to trends in these inorganic materials.
Furthermore, the enthalpy of formation of the ternary inorganic
transition metal materials becomes less exothermic with
decreasing acidity of the other oxide (acidity decreases in the
order CO2, WO3, SiO2, Al2O3). The hybrid perovskites fall
between the tungstates and silicates in Figure 6, suggesting that
the formate anion in these perovskites is intermediate in acidity
between tungstate and silicate.

■ CONCLUSIONS
This study of the enthalpies of formation of dense MOFs with a
perovskite structure, [DMA-M-F], shows that they have
stabilities comparable to those of a number of inorganic
ternary oxides. Among the four isostructural compounds we

Table 4. Calculated Tolerance Factors of [DMA-M-F]
Hybrid Perovskites and Their Formation Enthalpies

[DMA-M-F]
enthalpy of formation

(kJ/mol)
tolerance
factor

cation radiusa

(pm)

[DMA-Mn-F] −47.95 ± 1.12 0.941 83
[DMA-Co-F] −34.89 ± 0.68 0.968 74.5
[DMA-Ni-F] −28.45 ± 0.25 0.986 69
[DMA-Zn-F] −41.66 ± 0.66 0.970 74

aReference 42.

Figure 5. Enthalpy of formation of [DMA-M-F] (M = Mn, Co, Zn,
and Ni) (a) as a function of the tolerance factor and (b) as a function
of the M−O octahedral bond distance.

Figure 6. Enthalpy of formation of ternary oxides containing divalent
transition metals compared with [DMA-M-F].
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studied, the Mn analogue is most stable, followed by Zn, Co,
and Ni. The energetics of these ternary transition metal
materials seem to be governed more by the acid−base
properties of the oxide of the associated moiety and the
transition metal, respectively, than by bond length misfit as
measured by the tolerance factor.
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