
A New Series of Chiral Metal Formate Frameworks of
[HONH3][M

II(HCOO)3] (M = Mn, Co, Ni, Zn, and Mg): Synthesis,
Structures, and Properties
Bin Liu, Ran Shang, Ke-Li Hu, Zhe-Ming Wang,* and Song Gao*

Beijing National Laboratory for Molecular Sciences, State Key Laboratory of Rare Earth Materials Chemistry and Applications,
College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, People's Republic of China

*S Supporting Information

ABSTRACT: We report the synthesis, crystal structures, IR,
and thermal, dielectric, and magnetic properties of a new series
of ammonium metal formate frameworks of [HONH3]-
[MII(HCOO)3] for M = Mn, Co, Ni, Zn, and Mg. They are
isostructural and crystallize in the nonpolar chiral ortho-
rhombic space group P212121, a = 7.8121(2)−7.6225(2) Å, b =
7.9612(3)−7.7385(2) Å, c = 13.1728(7)−12.7280(4) Å, and V
= 819.27(6)−754.95(4) Å3. The structures possess anionic
metal formate frameworks of 49·66 topology, in which the
octahedral metal centers are connected by the anti−anti
formate ligands and the hydroxylammonium is located orderly
in the channels, forming strong O/N−H···Oformate hydrogen
bonds with the framework. HONH3

+ with only two non-H atoms favors the formation of the dense chiral 49·66 frameworks,
instead of the less dense 412·63 perovskite frameworks for other monoammoniums of two to four non-H atoms because of its
small size and its ability to form strong hydrogen bonding. However, the larger size of HONH3

+ compared to NH4
+ resulted in

simple dielectric properties and no phase transitions. The three magnetic members (Mn, Co, and Ni) display antiferromagnetic
long-range ordering of spin canting, at Neél temperatures of 8.8 K (Mn), 10.9 K (Co), and 30.5 K (Ni), respectively, and small
spontaneous magnetizations for the Mn and Ni members but large magnetization for the Co member. Thermal and IR
spectroscopic properties are also reported.

■ INTRODUCTION
The prosperity and continuing rapid developments in the
research of metal−organic frameworks (MOFs) have provided
materials showing a very wide spectrum of properties,
functionalities, and possible applications, and this field has
relevance to almost every aspect of material sciences.1−8

Indeed, these organic−inorganic hybrids, consisting of
inorganic metal ions and organic components as the building
blocks, can possess new and interesting properties or
functionalities, originating from such inorganic−organic
combinations.2 Porosity, framework dynamics, and reactivity
beneficial for catalysis, gas/solvent absorption/storage/separa-
tion and even drug delivery,3 light absorption/emission and
chirality for optics,4 magnetic and electric interactions for
magnetism and dielectricity even ferro/antiferroelectricity,5 and
so on, have all been realized within MOFs. Furthermore, the
coexistence of two or more properties, or multifunctionalities,
within a single phase, for example, magnetic and electric
properties,6 magnetic and optical properties,7 and porosity and
magnetism,8 could be possible when the related functional
building blocks or structural features are incorporated. Such
multifunctional materials currently attract considerable atten-
tion because they provide a good approach to creating smart
materials and devices with dual functionality or multi-

functionality and possible interplay between different function-
s.6−8,9a

In this context, we and several other groups have continued
to explore and investigate the functional metal formate
frameworks templated by protonated amines, and such
endeavors have led to many interesting outcomes and
achievements.9−25 The template effect has been clearly revealed
by the employment of different sized and structured
ammonium cations.9a For 3d transition-metal (TM) ions and
Mg2+, the small NH4

+ resulted in chiral frameworks of
[NH4][M(HCOO)3] with rarely observed 49·66 topology in
which the octahedral metal ions are connected by anti−anti
formate and the NH4

+ cations are located in the channels.10

The use of monoammonium, AmineH+ = CH3NH3
+,11

(CH3)2NH2
+,11a,12 CH3CH2NH3

+,11a C(NH2)3
+,13 and

(CH2)3NH2
+,11a,14 and very recently reported (NH2)2CH

+,15

with two to four non-H atoms, has resulted in many series of
metal formate perovskites of [AmineH+][M(HCOO)3

−],
possessing frameworks of 412·63 topology, in which the
metal−metal linkages are also via anti−anti formates and the
ammonium cations sit in the framework cavities. The more
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bulky AmineH+ cations such as (CH3CH2)3NH
+, however,

acted as negative templates and led to formation of the porous
family of [M3(HCOO)6]

16−21 with diamond topology where
formate adopts a syn−syn/anti mode. When the protonated
linear di-, tri-, and tetraamines were employed, novel binodal
metal formate frameworks of (412·63)(49·66)n for n = 1−3,
could be obtained.9a,22,23 Among them, the longer cationic
templates directed the formation of longer framework cavities,
and the series23 with (412·63)(49·66) topology (n = 1)
represented the first metal−organic analogous to the minerals
niccolite (NiAs) or colquiriite (LiCaAlF6). The studies have
been very recently expanded into lanthanides (Ln); various
lanthanide formate frameworks with more complicated top-
ologies could be synthesized, even using the simple
monoammonium templates, and this is due to the higher
variability of Ln ions in coordination.24 These works revealed
not only the benefit of formate for the formation of extended
structures, and thus MOFs, but also the significant malleability
and adaptability of these metal formate frameworks to conform
to the templates.9a,b As (magnetic) metal ions, short formato
bridges, and ammonium cations/polar solvents are incorpo-
rated, and the later components are beneficial for hydrogen-
bonding, these materials exhibit promising magnetic, dielectric,
porous, and optical properties and possible multifunctionality.
The porous [M3(HCOO)6] family showed a wide spectrum of
guest-inclusion16−21 and guest-dependent magnet-
ism.9c,16a,b,17,18,21 Many magnetic ammonium transition-metal
formates are spin-canted antiferromagnets or weak ferromag-

nets (hereafter we use AF as the abbreviation for
antiferromagnet/antiferromagnetism/antiferromagnetic, and
WF for weak ferromagnets/weak ferromagnetism), and the
critical temperatures can be as high as 35 K.9a,b,10−13 The
coexistence or synergism of magnetic and electric orderings has
been documented for magnetic members of [NH4][M-
(HCOO)3]

10 and [(CH3)2NH2][M(HCOO)3]
12 series and

[Mn3(HCOO)6](polar solvent),21 affording a new class of
molecule-based multiferroics.26 Giant dielectric constant and
dielectric relaxor behaviors have been observed for
[(CH2)3NH2][M(HCOO)3].

14 Magnetic relaxation behaviors
and structural transitions have been reported for several
lanthanide formate systems.24 Negative expansion upon
increased pressure and cooling has been observed for
[NH4][TM(HCOO)3].

10a,b,h Chiral [NH4][M(HCOO)3]
10

and [AmineH][Ln(HCOO)4]
24b,c solids represented interest-

ing examples of the emergence of chirality during crystallization
from the achiral components. Finally, mixed-valent and mixed-
metal systems added new possibilities,9c,10d−f,11b,25 such as
magnetic dilution and metal-component-modulated phase-
transition temperatures. All of these indicate that the metal
formate frameworks, while being a small class of MOFs, provide
us new opportunities to create novel materials with interesting
properties.
To continue our research on metal formates, in this work we

use hydroxylammonium (HONH3
+) as the template cation to

construct a new series of [HONH3][M
II(HCOO)3] com-

pounds, namely, 1Mn, 2Co, 3Ni, 4Zn, and 5Mg for M = Mn,

Table 1. Crystallographic Data for 1Mn, 2Co, 3Ni, 4Zn, and 5Mg

1Mn 2Co 3Ni 4Zn 5Mg

ionic radius of M2+, Å 0.97 0.89 0.83 0.88 0.86
formula C3H7MnNO7 C3H7CoNO7 C3H7NiNO7 C3H7ZnNO7 C3H7MgNO7

fw 224.04 228.03 227.81 234.47 193.41
T, K 293 293 293 293 293
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
space group P 212121 P 212121 P 212121 P 212121 P 212121
a, Å 7.8121(2) 7.6839(3) 7.6225(2) 7.6892(2) 7.6883(2)
b, Å 7.9612(3) 7.7555(3) 7.7814(4) 7.7385(2) 7.7875(2)
c, Å 13.1728(7) 13.0195(6) 12.7280(4) 13.0205(4) 12.8558(4)
α, deg 90 90 90 90 90
β, deg 90 90 90 90 90
γ, deg 90 90 90 90 90
V, Å3 819.27(6) 775.86(6) 754.95(4) 774.76(4) 769.71(4)
Z, Dc, g/cm

3 4, 1.816 4, 1.952 4, 2.004 4, 2.010 4, 1.669
μ(Mo Kα), mm−1 1.614 2.215 2.573 3.173 0.234
F(000) 452 460 464 472 400
crystal size, mm3 0.12 × 0.12 × 0.10 0.15 × 0.15 × 0.13 0.08 × 0.07 × 0.05 0.42 × 0.42 × 0.32 0.28 × 0.23 × 0.20
Tmin, Tmax 0.783, 0.859 0.688, 0.756 0.806, 0.889 0.318, 0.375 0.893, 0.956
θmin, θmax, deg 3.65, 27.48 3.73, 27.46 3.74, 27.45 3.74, 27.51 3.72, 27.50
no. of total reflns 13823 14052 15478 14875 12604
no. of unique reflns (Rint) 1876 (0.0590) 1763 (0.0731) 1725 (0.0787) 1770 (0.0481) 1750 (0.0453)
no. of obsd reflns [I ≥ 2σ(I)] 1401 1283 1409 1602 1583
no. of param 110 109 109 110 110
Flack parameters 0.65(2) 0.01(2) 0.00(2) −0.01(1) 0.9(2)
R1,a wR2b [I ≥ 2σ(I)] 0.0267, 0.0487 0.0301, 0.0543 0.0302, 0.0597 0.0190, 0.0445 0.0263, 0.0722
R1,a wR2b (all data) 0.0470, 0.0513 0.0561, 0.0580 0.0435, 0.0623 0.0233, 0.0454 0.0314, 0.0741
GOF 0.919 0.947 0.987 0.991 1.137
Δρ,c e/Å3 0.313, −0.212 0.483, −0.308 0.434, −0.502 0.270, −0.417 0.182, −0.217
max, mean Δ/σd 0.000, 0.000 0.001, 0.000 0.000, 0.000 0.001, 0.000 0.000, 0.000

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2]/∑w(Fo

2)2]1/2. cMaximum and minimum residual electron density. dMaximum and mean σ/
shift.
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Co, Ni, Zn, and Mg, respectively. The HONH3
+ cation is

simple and has two non-H atoms, larger than NH4
+, and it led

to the formation of the chiral frameworks with 49·66 topology
and chirality from simple achiral reactants. The synthesis,
structures, template role of HONH3

+, dielectric, thermal, and
IR properties, and magnetism for the magnetic members have
been investigated, and the detailed results are reported here.

■ EXPERIMENTAL SECTION
Synthesis. All chemicals, reagent grade, were commercially

available and were used without further purification. The compounds
reported in this work were prepared under aerobic conditions.
Caution! Perchlorate compounds are potentially explosive. They should be
used in small quantities and handled with care.
The compounds of the [HONH3][M

II(HCOO)3] series were
synthesized by very similar methods. The preparation of 1Mn is
described as an example. A 10 mL methanol solution containing 3.94 g
(80 mmol) of formic acid, 1.06 g (10.0 mmol) of triethylamine, and
1.17 g (4.0 mmol) of hydroxylamine hydrochloride was mixed with 5
mL of a methanol solution containing 0.78 g (2.0 mmol) of
Mn(ClO4)2·6H2O. The mixed solution was kept undisturbed. The
block-shaped colorless crystals were collected after 1 day, washed with
ethanol, and air-dried. Yield: 47%. 2Co, 3Ni, 4Zn, and 5Mg were
obtained after 1 or 2 days of crystallization in yields of 65%, 34%, 56%,
and 49%, respectively. To obtain X-ray-quality crystals of 3Ni of large
enough size, the crystallization lasted for 10 days, but the bulk
products contained a minor impurity of the porous [Ni3(HCOO)6]·S
(S = solvent), and this issue will be discussed later. Anal. Calcd for
C3H7MnNO7 (1Mn): C, 16.08; H, 3.13; N, 6.25. Found: C, 16.07; H,
3.19; N, 6.31. Calcd for C3H7CoNO7 (2Co): C, 15.81; H, 3.07; N,
6.14. Found: C, 15.98; H, 3.19; N, 6.13. Calcd for C3H7NiNO7 (3Ni):
C, 15.82; H, 3.07; N, 6.15. Found: C, 16.10; H, 3.32; N, 6.05. Calcd
for C3H7ZnNO7 (4Zn): C, 15.37; H, 3.01; N, 5.97. Found: C, 15.48;
H, 3.12; N, 6.14. Calcd for C3H7MgNO7 (5Mg): C, 18.64; H, 3.62; N,
7.24. Found: C, 18.81; H, 3.71; N, 7.34.
X-ray Crystallography. The crystallographic data for single

crystals of the five isostructural compounds were collected at room
temperature on a Nonius Kappa CCD diffractometer with a 2.0 kW
sealed anode source using graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å).27 The structure of 2Co was solved first by direct
methods and refined, and its structure was used as a starting model for
the other compounds. All structures were refined by full-matrix least
squares on F2. The H atoms could be located by difference Fourier
syntheses but were added according to the ideal geometries and not
refined. The nearly zero Flack parameters28 for the crystals of 2Co,
3Ni, and 4Zn used in X-ray diffraction indicated their chirality purity,
but the crystals of 1Mn and 5Mg showed twinning. We kept the same
chirality for the structures of 1Mn and 5Mg as that for 2Co, 3Ni, and
4Zn, regardless of which handedness was the major domain, by
keeping the Flack parameters larger than 0.5. All structural calculations
were performed using the SHELX program.29 The data collection,
reduction, and crystallographic data are summarized in Table 1.
CCDC 909958 (1Mn), CCDC 909959 (2Co), CCDC 909960 (3Ni),
CCDC 909961 (4Zn), and CCDC 909962 (5Mg) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, U.K.; fax (+44) 1223-336-033 or e-mail
deposit@ccdc.cam.ac.uk).
Powder X-ray diffraction (PXRD) patterns were collected in the

range of 6° < 2θ < 60° at room temperature for bulk samples on a
Rigaku Dmax 2000 diffractometer with Cu Kα radiation in a flat plate
geometry and for pressed tablet samples on an Agilent Technologies
SuperNova Atlas CCD diffractometer with Cu Kα radiation.
Physical Measurements. Elemental analyses of carbon, hydrogen,

and nitrogen were performed on an Elementar Vario MICRO CUBE
analyzer. Fourier transform infrared spectra were recorded for pure
samples in the range of 4000−600 cm−1 on a Nicolet iN10 MX
spectrometer. Thermal analyses above room temperature were

performed on a TA SDT Q600 simultaneous differential scanning
calorimetry (DSC)−thermal gravimetry analysis (TGA) instrument at
a rate of 5 °C/min under an air atmosphere. DSC in range of −80 to
+40−110 °C (depending on sample) was carried out on a TA Q100
instrument at 5 °C/min under a nitrogen atmosphere with two or
three cycles.

The temperature-dependent alternating-current (ac) dielectric
permittivity measurements were carried out on a TH2828 Precision
LCR meter under different frequencies and an applied voltage of 1.0 V
under a nitrogen flow. The data were collected at a temperature
sweeping rate of 1 °C/min using a homemade temperature-control
system. Samples were ground and pressed into tablets under a pressure
of ca. 2 GPa, and for 1Mn to 4Zn, the phase purity of the pressed
tablets and the absence of pressure-induced phase transitions were
confirmed by PXRD. The capacitors were made by painting the two
faces of the carefully cut tablet pieces with silver conducting paste and
gold wires of 40 μm diameter as the electrodes. These capacitors were
kept vacuum-dried over silica gel for more than 10 days and then
finally coated by a very thin layer of paraffin liquid or AB glue before
dielectric measurements, in order to avoid the influence of moisture.
The area and thickness of the capacitors were measured under a
microscope with a Phenix CCD eye and software. Dielectric
measurements could only be performed with a cooling procedure,
starting from ca. 30 or 40 °C. When the capacitor cracked, indicated by
a sudden drop of the dielectric constant, the measurement was ended.

Magnetic susceptibility measurements, zero-field ac magnetic
susceptibility measurements, and the field dependence of magnet-
ization were carried out for the magnetic members 1Mn, 2Co, and 3Ni
on a Quantum Design MPMS XL-5 SQUID system for polycrystalline
samples tightly packed and sealed in a capsule. All magnetic data had
been corrected for the sample diamagnetic susceptibility estimated
from Pascal’s constants30 (−87 × 10−6, −85 × 10−6, and −83 × 10−6

cm3/mol for 1Mn, 2Co, and 3Ni, respectively) and background
correction by experimental measurement on sample holders.

■ RESULTS AND DISCUSSION

Synthesis, PXRD, IR Spectra, and Thermal and
Dielectric Properties. Our previously works9 have revealed
that the metal formate frameworks templated by ammoniums
could be easily prepared by mild solution methods at ambient
temperature, in which suitable metal salts and templating
amines protonated by formic acid were employed. The
preparation of the compounds of the present series followed
the same method (see the Experimental Section). However,
because the template agent, HONH2·HCl, is acidic, triethyl-
amine was added to neutralize formic acid. It has been proven
that triethylammonium was a negative template in such
reaction systems.9a The bulky ammonium, in fact, led to the
extensively investigated porous diamond frameworks of
[M3(HCOO)6] (M = Mn, Fe, Co, Ni, Zn, and Mg) without
ammonium in the structures.16−21 In the present case, the
coexistence of bulky triethylammonium and small hydrox-
ylammonium in the reaction system resulted in products of the
present series only. This demonstrates the positive templating
effect of the small ammoniums.
For the products all harvested after 1 or 2 days of

crystallization, the experimental PXRD patterns matched well
with the calculated ones based on the single-crystal structures
(Figure S1 in the Supporting Information), confirming the
phase purity of the bulk samples. For the product of 3Ni,
harvested after 10 days in order to obtain X-ray-quality crystals
of a large enough size, the experimental PXRD pattern (Figure
S2a in the Supporting Information) of the bulk sample showed
several weak peaks corresponding to a small amount of
[Ni3(HCOO)6]·S.

9c To investigate when the impurities
formed, crystallization was performed again, and the crystalline
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products were harvested at different times over 10 days of
crystallization and the solid products subjected to PXRD
examination. As shown in Figure S2a in the Supporting
Information, the peaks corresponding to the impurity phase
started to appear from the sixth day and became slightly more
perceivable later. The formation of the [Ni3(HCOO)6]·S phase
could be due to its very low solubility.9c While the amount of
impurity was small in the product of 3Ni harvested after 10
days of crystallization, it did contribute to the magnetism
(Figure S2b in the Supporting Information; see the discussion
about magnetism later). We therefore characterized the product
of 3Ni harvested after 2 days of crystallization, which was
proven to be phase-pure by PXRD (Figure S1 in the
Supporting Information).
Finally, attempts to prepare the Fe and Cu members within

this series were not success, probably because of the oxidation
(FeII to FeIII, by air) and reduction (CuII to CuI, by NH2OH)
occurring during the preparation and details not discussed
further.
The IR spectra of the five compounds are almost the same

(Figure S3 in the Supporting Information), as expected given
the fact that they are isostructural, and quite similar to those of
previously reported ammonium metal formates.10c,11,13a,22−24

Assignments of the absorption bands are listed in Table S1 in
the Supporting Information. These bands are characteristic of
the formate and HONH3

+.31,32 The medium broad bands for
N/O−H stretching in 3400−3000 cm−1 have lower frequencies
than the free ones, indicating the formation of hydrogen
bonding involving these groups. −NH3

+ overtones around 2500

cm−1, N−H bending around 1660 and 1530 cm−1, −NH2
rocking (possible) around 1250 cm−1, and O−H bending
around 1200 cm−1 were observed. Strong bands for the
HCOO− group around 1600, 1580, 1380, and 1360 cm−1

probably include bands for N−H bending. Most bands for 3Ni
have the highest or lowest frequency values within the series.
The thermal stability and decomposition behaviors for the

five compounds were investigated by combined TGA−DSC
experiments performed under an air atmosphere (Figure S4 in
the Supporting Information). The materials all showed two
clearly separated steps of thermal processes. The first
endothermic decompositions occurred around 140, 180, 200,
130, and 180 °C for 1Mn, 2Co, 3Ni, 4Zn, and 5Mg,
respectively, and the weight losses were 35.5, 36.8, 37.1, 33.8,
and 40.8%, respectively, corresponding to the departure of one
NH2OH·HCOOH per formula with the calculated weight
losses of 35.3, 34.7, 34.7, 33.7, and 40.9%. The intermediate
M(HCOO)2 phases further decomposed around 280 °C for
1Mn, 2Co, and 3Ni, 210 °C but lasted to ca. 500 °C for 4Zn,
and 430 °C for 5Mg. After pyrolysis, the final residues at 800
°C were 33.4, 35.4, 34.4, 34.5, and 24.6% for 1Mn, 2Co, 3Ni,
4Zn, and 5Mg, respectively, which are basically in agreement
with the calculated values of 31.7, 32.9, 32.8, 34.7, and 20.8%
based on the MO oxides, although the slightly higher
experimental residues might indicate the possible existence of
small amounts of Mn2O3, Co2O3, and MgCO3. It should be
mentioned that thermal decomposition of 4Zn was seemingly
more complicated, as indicated by the DSC trace in which a
strong exothermic peak appeared at the end of the first

Figure 1. Structure of [HONH3][M(HCOO)3], taking 3Ni as a representative. (a) 3D view of the chiral 49·66 framework structure viewed down the
b axis. (b) Local environment around one metal site and its neighboring six metal sites arranged in a trigonal prism. (c) Side view of one framework
channel, with the HONH3

+ cations highlighted in large spheres and thick bonds, and one helix of ···Ni−OCHO−Ni−OCHO··· with HCOO bridges
in yellow (O) and green (C). Atomic scheme: purple, Ni; black/green, C; red/yellow, O; cyan, N; white, H. The green thin bonds in part c are N/
O−H···Oformato hydrogen bonds and the possible NH3···O−H pseudo ones.
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endothermic step and also a lasting pyrolysis with several,
broadened exothermic peaks. The thermal stability of this series
is similar to that of other [AmineH][M(HCOO)3] com-
pounds.10,11,22−24

The DSC measurements (Figure S5a in the Supporting
Information) revealed the absence of phase transition in the
temperature range investigated for the five compounds.
Dielectric studies showed that no dielectric anomalies were
observed for 1Mn to 4Zn below 30 or 40 °C, and dielectric
constants (ε′ at 1 MHz; Figure S5b in the Supporting
Information) were in the range of 5−8. These low ε′ values are
in agreement with the nonpolar, ordered structures discussed
below, and the series is different from the recently reported
ferroelectric series of [NH4][M(HCOO)3],

10 although the
framework structures are quite similar. The pressed tablet
sample of 5Mg was observed to possess a PXRD pattern (not
given here) different from that of the as-prepared sample.
Currently, it is not clear if pressure-induced phase transition10h

occurred for 5Mg, and this merits further investigation.
Crystal Structures. The compounds of this series are

isostructural, as observed in many other metal formate
series.9−25 They belong to the chiral but nonpolar ortho-
rhombic space group P212121 (Table 1). As a representative,
the structure of 3Ni is first described (Figure 1), followed the
structure evolution along the series and the templating effect of
HONH3

+. The structure of 3Ni possesses a 3D anionic
[Ni(HCOO)3−] chiral framework of 49·66 topology and
hydroxylammonium cations located in the framework channels
(Figure 1a). To the best of our knowledge, the MOFs with
49·66 topology are still rare, but this series joins the
[NH4][M(HCOO)3],

10 K[M(HCOO)3],
33 and Ln-

(HCOO)3·2H2O families.34 In the network, the 6-connected
octahedral Ni nodes are linked by anti−anti formate, and each
unique metal node has six adjacent metal sites arranged in a
trigonal prism (Figure 1b). This is different from the octahedral

spatial arrangement around metal sites for the perovskite
ammonium metal formates.9a,11−15 The NiO6 octahedron has
Ni−O distances of 2.051(2)−2.066(2) Å, cis-O−Ni−O angles
of 80.81(8)−95.39(8)°, and trans-O−Ni−O angles of
170.63(8)−174.03(9)° (Table 2). These are comparable to
other nickel formate compounds. The framework, although not
as regular as those in [NH4][M(HCOO)3]

10 and K[M-
(HCOO)3]

33 in hexagonal P6322, possesses slightly com-
pressed hexagonal chiral channels (Figure 1a) running along
the b direction, and the channel’s wall is made by a bidirectional
triple helix of ···Ni−OCHO−Ni−OCHO··· (Figure 1c). In the
channel, the HONH3

+ ions are arranged, head to tail, in a
zigzag style. Each O/N−H donor forms a pair of O/N−
H···OHCOO, one short and one long, to the anionic metal
formate framework. The hydrogen-bonding geometries are N/
O···O distances of 2.62−2.80 (short)/2.89−3.08 (long) Å,
indicating different hydrogen-bonding strengths, and N/O−
H···O angles of 130−169° (Table 2). It is noted that the
HONH3

+ ions in the zigzag array have close NH3···OH
contacts between the adjacent cations, with a N···O distance of
2.74 Å and N−H···O angles of 89−100°, and the NH3 end
points to the intermediate region of the two long pair electrons
of the OH end. However, this kind of contact might not be a
real hydrogen bonding but a pseudo one if we consider that it is
between two HONH3

+ cations and the positive charge is
dislocalized, like that between two anions, for example, between
HC2O4

− anions in K[HC2O4].
35 That is, the arrangement and

orientation of the HONH3
+ cations here probably minimize the

intercation repulsion, and this merits further investigation. The
formate-bridged Ni···Ni distances are 5.747−5.903 Å, and the
framework space provided for each HONH3

+ is 29.6 Å3,
calculated by PLATON.36 As observed in other isostructural
metal formate series, the members of the present series show
systematic increases in the lattice dimensions, interatomic
distances of M−O and M···M, from 3Ni to 1Mn, with those

Table 2. Selected Bond Distances (Å) and Bond Angles (deg), Geometries of the N/O−H···O Hydrogen Bonds (N/O···O
Distances, Å, and N/O−H···O Angles, deg), and M···M Distances (Å) in 1Mn, 2Co, 3Ni, 4Zn, and 5Mga

1Mn 2Co 3Ni 4Zn 5Mg

M−O(1) 2.195(2) 2.104(2) 2.058(2) 2.116(1) 2.097(1)
M−O(2)#1 2.235(2) 2.153(2) 2.061(2) 2.173(1) 2.132(1)
M−O(3) 2.164(2) 2.082(2) 2.066(2) 2.085(2) 2.067(1)
M−O(4)#2 2.160(2) 2.081(2) 2.061(2) 2.076(1) 2.059(1)
M−O(5) 2.160(2) 2.087(2) 2.052(2) 2.098(2) 2.071(1)
M−O(6)#3 2.149(2) 2.064(2) 2.051(2) 2.061(1) 2.060(1)
C−O 1.215(3)−1.255(3) 1.223(4)−1.260(4) 1.239(4)−1.260(4) 1.226(3)−1.261(3) 1.233(2)−1.255(2)
N−O 1.405(3) 1.399(3) 1.385(4) 1.394(2) 1.396(2)
cis-O−M−O 79.87(6)−97.17(6) 80.71(8)−94.72(8) 80.81(8)−95.39(8) 80.02(6)−95.77(6) 81.68(5)−94.95(5)
trans-O−M−O 167.58(6)−173.80(7) 170.28(8)−173.97(9) 170.63(8)−174.03(9) 168.80(6)−174.26(6) 170.55(5)−175.90(5)
M−O−C 115.6(2)−129.4(2) 116.4(2)−129.1(2) 121.3(2)−129.8(2) 116.3(1)−128.9(2) 117.1(1)−131.6(1)
O−C−O 125.7(2)−128.3(2) 125.6(3)−126.1(3) 123.7(3)−125.4(3) 124.7(2)−125.1(2) 125.3(2)−127.2(2)
N−H···OHCOO 2.999(3), 159.1 3.031(3), 159.5 2.943(4), 140.0 3.023(2), 159.8 3.025(2), 159.2

2.792(3), 164.2 2.801(4), 162.3 2.829(4), 161.8 2.796(2), 162.6 2.798(2), 163.5
2.889(2), 168.5 2.896(3), 165.9 3.036(4), 163.1 2.894(2), 164.3 2.897(2), 166.5

N−H···OOH 2.882(3), 2.798(3), 2.743(4), 2.803(2), 2.830(2),
96.4−107.8 96.5−106.5 88.6−100.2 96.8−106.7 97.0−106.3

O−H···OHCOO 2.678(2), 162.3 2.687(3), 161.3 2.621(3), 146.2 2.674(2), 162.0 2.680(2), 162.3
3.054(2), 121.0 2.947(3), 122.2 3.084(3), 129.7 2.939(2), 120.2 2.980(2), 121.6

M···M 5.945 × 2 5.833 × 2 5.747 × 2 5.815 × 2 5.827 × 2
5.957 × 2 5.843 × 2 5.833 × 2 5.855 × 2 5.829 × 2
6.071 × 2 5.944 × 2 5.903 × 2 5.939 × 2 5.945 × 2

aSymmetry codes: #1, −x + 1, y + 1/2, −z + 1/2; #2, x + 1/2, −y + 1/2, −z, #3, x + 1/2, −y + 3/2, −z.
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data for 4Zn and 5Mg close to those for 2Co, and these are in
good agreement with the increased ionic radii from Ni2+ to
Mn2+.37 At the same time, C−O distances slightly shorten and
N−O and N···O contacts between HONH3

+ cations slightly
expand; however, the geometries of N−H···OHCOO hydrogen
bonds do not changed regularly. The cell volumes increase
from 755.0 Å3 for 3Ni to 819.3 Å3 for 1Mn, and the framework
volumes for the accommodation of one HONH3

+ change from
29.6 Å3 of 3Ni, the smallest, to 34.1 Å3 of 1Mn, the largest.
The templating effect of HONH3

+, compared to other
monoammoniums, should merit further discussion. The cation
has two non-H atoms; however, it led to the 49·66 metal
formate frameworks. This was not expected because the
previous works11−15 reported that the monoammonium
templates with two to four non-H atoms, including
CH3NH3

+, (NH2)2CH
+, (CH3)2NH2

+, CH3CH2NH3
+,

(CH2)3NH2
+, and C(NH2)3

+, resulted in the 412·63 perovskite
frameworks, while the cationic templates of one non-H atom
like K+, Cs+, and NH4

+ produced the 49·66 frameworks.10,33 The
van der Waals volumes of NH4

+, HONH3
+, and CH3NH3

+ were
estimated as 25, 38, and 53 Å3, respectively, by PCMODEL
9.1,38 and these seemly match the void space volumes, 29−32
Å3 (Ni to Mn for the [NH4][M(HCOO)3] series

10), 30−34 Å3

(Ni to Mn for the present series), and 52−57 Å3 (Zn to Mn for
[CH3NH3][M(HCOO)3] series11), in which the frameworks
could provide for the template cations for known compounds.
The packing coefficients39 of the frameworks of the NH4

+,
HONH3

+, and CH3NH3
+ series, taking the Mn compounds as

representatives, are 0.590, 0.567, and 0.549, respectively (these
data for other known manganese(II) formate perovskite
frameworks are 0.522−0.493), indicating that the perovskite
412·63 frameworks are less dense than the 49·66 frameworks,
thus allowing the accommodation of larger cationic templates.
These data shown here clearly reveal the size effect of the
templates. The ability for HONH3

+ to form stronger hydrogen
bonds to the metal formate framework than CH3NH3

+ could
also favor the formation of more compact 49·66 frameworks.
The relative size between the cation and framework void space
should be a critical factor if the materials will undergo phase
transition. For example, the present [HONH3][M(HCOO)3],
with the cation size equal or slightly larger than the framework
void space, showed no phase transition as just discussed,
compared to the [NH4][M(HCOO)3] series,10 possessing a
cation size smaller than the framework void space at room
temperature and undergoing phase transitions in the low-
temperature region. Finally, the present series, together with
the [NH4][M(HCOO)3]

10 and A[M(HCOO)3] (A = alkali-
metal ions) ones,33 provides good examples for the chirality
creation in solids from achiral components, and they are of
interest for further magnetooptical study.7a−c,10c

Before we conclude this part, it should be mentioned that
ammonium magnesium formate framework compounds are still
rare,12f,g,15,20 though the transition-metal formates have been
studied quite extensively. Mg2+ possesses an ionic radius and
bonding character similar to those of TM2+ ions,37 and the light
magnesium formate framework compounds merit exploration.
Magnetic Properties. The magnetic properties of the three

magnetic members 1Mn, 2Co, and 3Ni were investigated using
the polycrystalline samples, and their characteristic magnetic
data are summarized in Table 3. The three materials are 3D
AFs showing WF at low temperature, with small spontaneous
magnetization for 1Mn and 3Ni but quite large magnetization
for 2Co (Figures 2−4 and S6 in the Supporting Information).

The temperature dependence of the direct-current (dc)
susceptibilities of 1Mn, 2Co, and 3Ni, in plots of χT vs T,
measured under fields of 100 Oe and 10 kOe, is shown in
Figure 2a. These materials mainly displayed AF character.
Under the applied 100 Oe field, the χT values at 300 K were
4.42, 3.21, and 1.20 cm3·K/mol for 1Mn, 2Co, and 3Ni,
respectively, and these are expected.40 The χT values decreased
gradually from 300 to 50 K. Fitting high-temperature
susceptibility data by Curie−Weiss law (Figure S6 in the
Supporting Information) afforded Curie constants (C)/Weiss
temperatures (Θ) in (cm3·K/mol)/K: 4.64/−14.3 (1Mn),
3.84/−56.1 (2Co), and 1.48/−73.4 (3Ni). These data are
comparable to related metal members in other ammonium
metal formate series.9a,b,10−15 The Lande ́ g factors derived from
the C values are 2.06, 2.86, and 2.43 for 1Mn, 2Co, and 3Ni,
respectively, typical for isotropic Mn2+ and anisotropic Co2+

and Ni2+,40 and the negative Θ values indicate AF exchange
interactions between nearest-neighbor metal ions in the
materials, although for 2Co, depopulation of the higher-energy
Kramers doublets (±3/2 and ±5/2) for the octahedral Co

2+ ion
in the low-temperature region is possible.41 Upon further
cooling, the χT value of 1Mn reached a minimum of 1.58
cm3·K/mol at 9.0 K then a small maximum of 1.69 cm3·K/mol
at 8.5 K, and finally 0.43 cm3·K/mol at 2 K. For 2Co, the
minimum was 1.04 cm3·K/mol at 15 K, and then χT rose to a
high maximum of 69.3 cm3·K/mol at 9.0 K and finally decrease

Table 3. Summary of the Magnetic Properties of 1Mn, 2Co,
and 3Ni, Curie Constants, Weiss Constants, Listed χT
Values, and g Factors Based upon the Susceptibility Data
under 100 Oe Field (and 10 kOe Data in Parentheses)

1Mn 2Co 3Ni

C/(cm3·K/mol)a 4.64 (4.50) 3.84 (3.77) 1.48 (1.42)

Θ/Kb −14.3 (−13.7) −56.1 (−54.4) −73.4 (−67.3)
(χT)300 K/
(cm3·K/mol)

4.42 (4.31) 3.21 (3.18) 1.20 (1.16)

(χT)min/(cm
3·K/

mol),c Tmin/K
1.58, 9.0 1.04, 15 (1.03, 15) 0.41, 31.6

(χT)max/(cm
3·K/

mol),c Tmax/K
1.69, 8.5 69.3, 9 (1.32, 10) 2.49, 24.0

(χT)2 K/(cm
3·K/

mol)
0.43 (0.35) 18.61 (0.29) 0.27 (0.022)

TN/K
d 8.8 10.9 30.5, 30.0

Tp/K
e 8.7 10.8 30.5

10.0

HC/kOe (at 2 K)f 0.03 0.06 1

MR/Nβ (at 2 K)g 0.0008 0.11 0.002

M50 kOe/Nβ (at
2 K)

1.56 0.66 0.090

α/degh 0.0008 1.5 0.05

HSP/kOe (at
2 K)i

2.0 38 >40

g factorj 2.06 (2.03) 2.86 (2.83) 2.43 (2.38)

(J/kB)/K
k −0.40 −3.6 −9.2

aCurie constants. bWeiss constants. cMinimum and maximum χT
values and the related temperatures. dCritical temperatures based on
ZFC/FC measurements. For 3Ni, two peaks were observed.
eTemperatures at peak positions in ac measurements at zero dc
field; the first line is for in-phase ac response and the second line for
out-of-phase ac response. For 2Co, two peaks were observed. Peak
positions at high temperature are given here. See the text and Figure 4.
fCoercive fields. gRemnant magnetization. hCanting angles; see the
text. iFields for spin flop from peak or first turn positions in dM/dH. jg
factors derivated from the Curie constants. kEstimated from J/kB =
3Θ/[2zS(S + 1)]; see the text.
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to 18.61 cm3·K/mol at 2 K. In the case of 3Ni, the minimum
and maximum in χT and the corresponding temperature points
were 0.41 cm3·K/mol/31.6 K and 2.49 cm3·K/mol/24.0 K, and
finally the χT value decreased to 0.27 cm3·K/mol at 2 K. These
results indicate the occurrence of 3D long-range ordering
(LRO) of AF with spin canting or WF for the three compounds
and the different magnetic anisotropies of the metal ions.
Under an applied field of 10 kOe, the χT traces in the high-
temperature region almost superposed the traces under 100 Oe
field, while in the low-temperature region, the rises after the
minima were suppressed for 1Mn and 3Ni but still observed for
2Co. All of these observations characterize the three materials
as WFs.
Further magnetic investigation was performed in the low-

temperature region, including zero-field-cooled and field-cooled
(ZFC/FC) measurements under 10 Oe field (Figure 2b),
isothermal magnetization (Figure 3), and ac susceptibility

measurements (Figure 4) at frequencies of 10, 100, and 1000
Hz. The bifurcated ZFC/FC traces clearly showed that the
irreversibility, locating the 3D LRO of spin-canted AF, and
Neél temperatures (TN's), determined by the negative peak
positions on the dFC/dT data (Figure 2b, inset), are 8.8 K
(1Mn), 10.9 K (2Co), and ∼30 K (3Ni), respectively, although
two peaks, 30.5 and 30.0 K for 3Ni, were resolved. These TN's
are within 1 K of those of the related members of
[NH4][M(HCOO)3],

10b,c but for the Co and Ni members,
the TN's are 3−5 K lower than those of the known perovskite or
niccolite series.11,12e,13a,22,23 1Mn and 3Ni possessed very small
spontaneous magnetizations of ca. 7 (1Mn) and 10 (3Ni)
cm3·G/mol, suggesting very small spin-canting angles within
these materials. 2Co had a quite large spontaneous magnet-
ization of ca. 350 cm3·G/mol, in agreement with the large χT
values mentioned above, indicating a large spin-canting angle in
2Co. 2Co thus joined the few examples of ammonium
transition-metal formates with large spontaneous magnet-
izations, perovskite [C(NH2)3][Co(HCOO)3]

13a and niccolite
[CH3NH2CH2CH2NH2CH3][Fe2(HCOO)6].

23a At 2.0 K, the
isothermal magnetizations (Figure 3) revealed typical character-
izations of weak ferromagnetism for the three compounds. The
coercive fields (HC)/remanent magnetization (MR) (Table 3)
were 30 Oe/0.0008 Nβ (1Mn), 60 Oe/0.11 Nβ (2Co), and 1
kOe/0.002 Nβ (3Ni), respectively. 2Co has quite large MR but
is still a soft magnet, while 3Ni has small MR but is quite hard.
The spin-canting angles α were estimated, by sin α = MR/MS,

42

as 0.008° (1Mn), 1.5° (2Co), and 0.5° (3Ni), assuming two AF
sublattices and S = 5/2,

3/2, and 1 for 1Mn, 2Co, and 3Ni,
respectively. At 50 kOe, the magnetizations were 1.56 Nβ
(1Mn), 0.66 Nβ (2Co), and 0.09 Nβ (3Ni), respectively, less
than the expected MS values, confirming the AF LRO again. A
spin-flop transition (AF-SP) could be observed, and at 2 K, the
fields for spin flop (HSP), estimated by the peak or turning

Figure 2. Temperature evolution of dc susceptibility for 1Mn, 2Co,
and 3Ni. (a) Plots of χT vs T under 100 Oe field and 10 kOe, in a
logarithmic scale for easy observation of the variation of all plots in the
low-temperature region. (b) The ZFC/FC plots under 10 Oe field.
Inset: dFC/dT data, normalized.

Figure 3. Isothermal magnetization plots of 1Mn, 2Co, and 3Ni at 2
K. Inset: dM/dH plots.

Figure 4. Temperature evolution of the ac susceptibility for 1Mn,
2Co, and 3Ni. (a) Plots of χ′ vs T at 10 Hz. Inset: χ″ vs T. (b) Data
for 2Co at 10, 100, and 1000 Hz. Data at 100 and 1000 Hz for 1Mn
and 3Ni are not given here.
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positions of dM/dH, were 2.0 kOe (1Mn), 38 kOe (2Co), and
probably higher than 40 kOe for 3Ni (Figure 3, inset).
The temperature evolution traces of the ac susceptibilities

(in-phase, χ′, and out-of-phase, χ″) under zero dc field for the
three compounds are shown in Figure 4. 1Mn displayed
frequency-independent peaks in χ′ at 8.7 K, close to TN by dc
measurement, and the χ″ responses were in the noise level. For
2Co, sharp and frequency-independent peaks in the χ′ response
were observed at 10.8 K; however, the χ″ peaks are broad and
slightly frequency-dependent below TN, and there were also
frequency-dependent shoulder peaks, more pronounced for
high frequencies, around 8 K in χ′ data, indicating relaxation
behavior, with a small parameter of ϕ43 = (ΔTP/TP)/Δ(log f)
∼ 0.05, where TP is the peak temperature of χ′ and f the ac
frequency. Relaxation behaviors are not frequently encountered
for ammonium metal formates,13a The reason for the relaxation
occurring in 2Co could be domain-wall movement,44 or
chirality-related ac responses as observed in some chiral
molecular-based magnets,45 given the fact that 2Co is a chiral
soft WF with quite large spontaneous magnetization, but this
needs further investigation. 3Ni displayed weak χ′ and noisy χ″
responses, and this could be expected given the very small
spontaneous magnetization and magnetic hardness of the
compound in ordering status. In χ′, a turning point around 30
K was observed, indicative of the occurrence of LRO.
The present series has the same framework structure as that

of [NH4][M(HCOO)3], as discussed before. For this particular
framework topology, we could only use the molecular field
result, J/kB = 3Θ/[2zS(S + 1)],46 to estimate the MII−MII

magnetic couplings through the formato bridge, and the values
are −0.40 (1Mn), −3.6 K (2Co), and −9.2 K (3Ni), for z = 6
and S = 5/2 (1Mn), 3/2 (2Co), and 1 (3Ni), respectively, which
are comparable to those found in other ammonium metal
formate frameworks,13a,23a in which the WF is due to the fact
that the structures, with the noncentrosymmetric bridges of
anti−anti HCOO linking magnetic sites, satisfy the requirement
for the occurrence of Dzyaloshinsky−Moriya or the antisym-
metric interaction.47

Finally, the polycrystalline products of 3Ni, harvested after
10 days, displayed a sharp rise in their ZFC/FC traces (Figure
S2b in the Supporting Information) below 3 K, which was due
to the minor impurity of ferrimagnetic [Ni3(HCOO)6]·S with a
critical temperature of 2.7 K,9c and above 3 K, the traces
characterized the 3Ni bulk sample, as just discussed.

■ CONCLUSION
In conclusion, a new series of ammonium metal formate
frameworks of [HONH3][M

II(HCOO)3] have been success-
fully synthesized using a simple template of hydroxylammo-
nium HONH3

+ in the presence of bulky triethylammonium in
the reaction system, demonstrating the positive templating
effect of the small ammonium and negative/none effect of the
bulky ammonium. The HONH3

+ with two non-H atoms
directed the formation of the dense chiral 49·66 metal formate
frameworks, similar to the NH4

+ series but different from the
perovskite frameworks with more open void space for
accommodating larger monoammoniums of two to four non-
H atoms, because of the still small size and its ability to form
strong hydrogen bonding. However, the larger size of HONH3

+

than that of NH4
+ is probably the reason for the simple

dielectric properties and no phase transitions within the series,
compared to the interesting ferroelectric NH4

+ series. The three
magnetic members of Mn, Co, and Ni show LRO of spin-

canted antiferromagnetism, occurring at Neél temperatures of
8.8, 10.9, and 30.5 K, respectively, with small spontaneous
magnetizations for the Mn and Ni members but large
magnetization for the Co one. While these compounds add a
new series of [AmineH][M(HCOO)3] family, they further
demonstrate the templating effect of the ammonium cation,
and the chiral magnetic members will be of interest for further
magnetooptical studies.
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