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Comprehensive Summary  

 

This paper investigates the structure-property relationships of three zero dimensional (0D) organic-inorganic hybrid metal halides, fo-
cusing on the influence of metal cations on their thermal and magnetic properties. Three transition metal bromides—MnBr2, FeBr3, 
and CuBr2—were selected to coordinate with a large organic ion, (C6H5)3PCH3

+, to form 0D hybrid structures. By maintaining the or-
ganic component constant and varying the metal centres, we explore how the metal cation affects the structural characteristics, ther-
mal and magnetic properties using differential scanning calorimetry (DSC), heat capacity measurements and magnetic measurements. 
The results indicate the influence of metal cations on packing styles and intermolecular interactions of 0D hybrid metal halides, which 
contribute to the different thermal and magnetic behaviours. Through varying metal cation, it is possible to tune properties by affect-
ing structural characteristics, which could be significant for designing and optimizing devices and applications. In particular, the 
Fe-phase is multiferroic below 11 K, i.e., ferroelastic, ferroelectric and weakly ferromagnetic. 
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Background and Originality Content 

Organic-inorganic hybrid materials are currently a subject of 
great interest in the materials science community because of their 
excellent properties and abundant structures.[1] The incorporation 
of organic molecules endows hybrid materials with diverse struc-
tures, for example, three-dimensional (3D) frameworks, two-di-
mensional (2D) layers, one-dimensional (1D) chains or zero-di-
mensional (0D) packing structures.[2] Among these, 0D hybrid 
metal halides have attracted increasing attention due to simple 
synthesis and superior properties, such as wide bandgaps, high 
photoluminescence quantum yield (PLQY), large Stokes shifts, 
broad emission spectra, long luminescence lifetimes[3] and low 
antiferromagnetic ordering temperatures.[4] Compared with other 
dimensional hybrids, 0D hybrids allow more opportunities for 
micromovements, such as rotation, distortion,[5] vibration,[6] as a 
result of the absence of restrictive framework structures. These 
dynamic movements within 0D hybrids enhance their ability to 
respond to external stimuli, for example, temperature,[7] stress,[8] 
X ray,[9] electric field,[10] thereby contributing to their diverse 
properties.  

In the structure of 0D hybrids, metal cations significantly in-
fluence the electronic, optical, and magnetic properties. They play 
a crucial role in the coordination environment and structural 
properties, while also governing the charge transport and elec-
tronic band structure.[11] The d-orbital configuration and coordi-
nation geometry can introduce unique electronic states and 
tuneable properties, such as luminescence[12] and magnetic be-
haviour,[13] which are difficult to achieve by changing the halogen 
or organic component alone. Therefore, investigating the role of 
different metals allows for more precise control over the materi-
al's properties, enabling the design of hybrid materials with tai-
lored functionalities for specific applications. 

To date, the majority of 0D hybrid material research has fo-
cused on their photoelectric and piezoelectric applications,[1c,14] 
with much less attention given to the fundamental understanding 
of the mechanisms that govern their behaviour. A deeper explora-
tion of structure-property relation is crucial for unveiling the in-
trinsic transitions.  

In this paper, we investigate the influence of metal compo-
nents on the properties of 0D hybrid metal halides. We use three 
transition metal bromides—MnBr2, FeBr3, and CuBr2—to coordi-
nate with the large-sized organic ion (C6H5)3PCH3

+ forming 0D 
hybrid structures. By keeping the organic component constant 
and systematically varying the metal components, we unravel how 
the metal cation influences the structural, thermal and magnetic 
properties.  

Results and Discussion 

Structures 

(C19H18P)2MnBr4 crystallizes in monoclinic space group P21, 
with cell parameters a = 9.7399(1) Å, b = 12.3887(1) Å, c = 
16.4947(1) Å and β = 104.9970(1)° at 100 K (Table S2).[8] As shown 
in Figure 1(a), it adopts a zero-dimensional packing structure, and 
each unit cell contains two asymmetric units. Each asymmetric 
unit consists of two organic molecular cations [C19H18P]+ and one 
[MnBr4]2− tetrahedron, maintaining charge balance. [C19H18P]+ 
organic molecular cations interact with [MnBr4]2− tetrahedra 
through electrostatic forces. Inside the tetrahedral unit, the 
Br−Mn−Br angles range from 107.34° to 112.44°, and the Br−Mn 
bond lengths range from 2.49 to 2.53 Å.  

(C19H18P)2CuBr4 crystallizes in monoclinic space group Cc, with 
cell parameters a = 11.910(2) Å, b = 14.889(3) Å, c = 20.904(4) Å 
and β = 92.73(3)° at 100 K (Table S2).[15] As shown in Figure 1(b), it 
has a 0D structure with four asymmetric units in the unit cell. 
Each asymmetric unit consists of two organic molecular cations 
[C19H18P]+ and one [CuBr4]2− tetrahedron. Compared with 

(C19H18P)2MnBr4 and (C19H18P)FeBr4, the [CuBr4]2− tetrahedra are 
highly distorted due to the Jahn-Teller effect (Figure 1e), with 
Br−Cu−Br angles ranging from 96.76° to 137.96°, and Br−Cu bond 
lengths ranging from 2.35 to 2.42 Å (100 K). A second monoclinic 
structure, also with space group Cc (Table S2), has been observed 
at 373 K (a = 9.0171(3) Å, b = 25.1547(1) Å, c = 17.6036(6) Å and β 
= 102.705(3)°). It also contains highly distorted CuBr4 tetrahedra. 
This distortion becomes more pronounced with increasing tem-
perature (Table S9). Compared with other 0D copper(II) hybrids of 
similar structures, this material exhibits the largest distortion 
(Table S9). 

 

Figure 1  Single crystal structures in the unit cell.(a) (C19H18P)2MnBr4 at 

100 K.
[8]

 (b) (C19H18P)2CuBr4 at 100 K.
[15]

 (c) (C19H18P)FeBr4 at 100 K. (d) 

(C19H18P)FeBr4 at 318 K. (e) Ball-stick structures of [MnBr4]
2−

, [CuBr4]
2−

, 

[FeBr4]
−
 tetrahedra at 100 K and [FeBr4]

−
 tetrahedron at 318 K.  

(C19H18P)FeBr4 crystallizes at room temperature in the ortho-
rhombic space group P212121 (Table 1 and S1). At 100 K and 150 K 
the structure is in the monoclinic space group P21 (Table 1 and S1). 
(C19H18P)FeBr4 adopts 0D structures, as shown in Figures 1c and 1d. 
The unit cell of the monoclinic form (P21) contains two asymmet-
ric units including eight organic molecular cations, [C19H18P]+, and 
eight inorganic anions [FeBr4]−. There are four asymmetric units 
per unit cell of the P212121 structure, each containing one cation 
and one anion (Figure 1d). In both structures the tetrahedra are 
distorted, with Br−Fe−Br angles in the range 107.57°–112.80° (P21, 
100 K) or 105.58°–115.77° (P212121, 318 K) and Br−Fe bond 
lengths in the range 2.3225–2.3478 Å (P21) or 2.3014–2.3203 Å 
(P212121). The lattice parameters of the P21 structure have double 
the c-repeat of the P212121 structure (Table 1). There is a group/ 
subgroup relationship between the two space groups such that a 
phase transition P212121–P21 at some temperature between 300 
and 150 K would be improper ferroelastic and improper ferroe-
lectric. The presence of ferroelastic twinning has been confirmed 
by split reflections in a diffraction pattern collected at 100 K (Fig-
ure S1). The active representation for the transition is Z1 of space 
group P212121.[16]  

The principal differences between the P21 (Figure 1c) and the 
P212121 (Figure 1d) structures are the orientation and slight dis-
tortions of the tetrahedra. The shortest Fe−Fe distances between 
[FeBr4]− tetrahedra are 7.627 Å (P21) and 7.809 Å (P212121), which 
are the nearest distances among the three hybrid compounds 
considered here, indicating that (C19H18P)FeBr4 has the closest 
packed arrangement (Table 2). This close packing influences 
structural, thermal, and magnetic properties, potentially making it 
distinct from the other samples.  
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Table 1  Space group and lattice parameters of (C19H18P)FeBr4, as deter-

mined by single crystal X-ray diffraction at three different temperatures. 

Parameters 100 K 150 K 318 K 

Space group P21 P21 P212121 

a/Å 10.90670(10) 10.94030(10) 11.1804(2) 

b/Å 14.9007(2) 14.9449(2) 14.0599(3) 

c/Å 27.8288(3) 27.8958(3) 15.1045(3) 

α/(°) 90 90 90 

β/(°) 91.1930(10) 91.1490(10) 90 

γ/(°) 90 90 90 

Volume/Å
3
 4521.68(9) 4560.09(9) 2374.36(8) 

Thermal properties 

Heat flow and heat capacity measurements have revealed the 
temperatures of phase transitions and melting in the three com-
pounds (Figure 2). The only anomaly present in data for 
(C19H18P)2MnBr4 indicates melting at ~451 K during heating and a 
glass transition at ~320 K during cooling (Figure 2a). Separate 
data (unpublished) showed anomalies in dielectric properties 
near 250 K, but heat capacity data between 240 and 310 K (Figure 
S2b) do not provide overt evidence that this could be due to a 
discrete phase transition. 

 

Figure 2  Thermal properties. Heat flow (a) and heat capacity (b) of 

(C19H18P)2MnBr4. Heat flow (c) and heat capacity (d) of (C19H18P)2CuBr4. 

Heat flow (e) and heat capacity (f) of (C19H18P)FeBr4.  

(C19H18P)2CuBr4 melted at ~405 K during heating and under-
went a glass transition at ~310 K during cooling (Figure 2c). An 
additional anomaly was observed at 367 K during heating (Figure 
2c) and is attributed to a reconstructive transition between the 
two structures with Cc symmetry. A single crystal of 
(C19H18P)2CuBr4 emerged as a powder after cycling to low tem-
peratures and similar disintegration occurred in attempts to 
measure other physical properties at low temperatures. The 
steep change in thermal conduction between the sample and the 
sample platform of the PPMS instrument at ~200 K evident in 
Figure 2d (right axis), suggests this as the temperature at which 

the crystal broke up. An abrupt change in volume or shear strain 
might be responsible but, if it was due to a phase transition, it 
may have been smeared over some temperature interval as there 
is no overt evidence of a discrete anomaly in the heat capacity 
(Figure 2d, left axis). 

(C19H18P)FeBr4 melted at ~430 K during heating, but the sharp 
DSC peak at ~360 K indicates that it recrystallised during cooling, 
rather than undergoing a glass transition. The difference between 
glass formation and crystallisation may be due to looser packing 
in the Cu and Mn phases which allows for increased molecular 
mobility and weaker intermolecular interactions, slowing down 
the rate of crystallization.[14c] The P21-P212121 transition is evident 
as a small anomaly in the heat flow data at 275 K during heating 
and at 271 K during cooling (Figure 2e). A sharp peak in heat ca-
pacity at ~280 K indicates that it is first order in character, but 
two shoulder peaks at ~267 K and 274 K suggest that there were 
additional precursor changes in structure. 

Magnetic properties 

Mn2+, which has a half-filled d-shell electron structure, is the 
only component creating magnetic moments in (C19H18P)2MnBr4. 
As shown in Figure 3(a), the (inverse) susceptibility validates 
(C19H18P)2MnBr4 as paramagnetic, with the inverse susceptibility 
crossing zero at 0 K. Through fitting the inverse susceptibility to 
the Curie Weiss law for paramagnetism, x = C/T, the calculated 
Curie constant C is 4.79(5), and the effective magnetic moment 
(µeff) is 6.19(3) μB, which correlates with the high spin state (μeff = 
5.92μB). The five d electrons in Mn2+ are in the high spin state and 
the total angular momentum quantum number (J) is 5/2. Accord-
ing to the Brillouin function for a paramagnet,[17] x = JgμBB/kBT, 
where g is the g-factor, μB is the Bohr magnon, B is the applied 
magnetic field, kB is the Boltzmann constant, and T is the temper-
ature (the temperature for observation and calculation is 1.8 K). 
Taking the g-factor as −2, we can obtain x. Appending this trace to 
the Brillouin function curve with J = 5/2 to compare the observed 
result with theoretical curve, shows a perfect fit in Figure 3e, con-
firming (C19H18P)2MnBr4 to be a standard paramagnet. 

 
Figure 3  Magnetic measurement results. (a) Susceptibility and inverse 

susceptibility of (C19H18P)2MnBr4. (b) Susceptibility and inverse susceptibil-

ity of (C19H18P)2CuBr4. (c) Magnetization of (C19H18P)2MnBr4 with respect to 

the applied field at different temperatures. (d) Magnetization of 

(C19H18P)2CuBr4 with respect to the applied field at different temperatures. 

(e) Brillouin fit for (C19H18P)2MnBr4. (f) Brillouin fit for (C19H18P)2CuBr4.  
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Table 2  Crystallographic and electronic information at 100 K. 

 (C19H18P)2MnBr4
a
 (C19H18P)FeBr4 (C19H18P)2CuBr4

b
 

Metal centre distance/Å 12.16 7.63 9.53 

Number of organic molecular cations in unit cell 4 8 8 

Number of tetrahedra in unit cell 2 8 4 

Cell volume/Å
3
 1922.54 4521.68 3702.66 

d orbital structure 3d
5
 3d

5
 3d

9
 

Spin state High spin High spin Low spin 

Jahn-Teller effect no no strong 
a 

Data of (C19H18P)2MnBr4 at 100 K is from Wei Li’s report.
[8]

 
b 

Data of (C19H18P)2CuBr4 at 100 K is from Ramamoorthy Boomishankar’s report.
[15]

 

ZFC and FC magnetic data in Figure S2 indicate that 
(C19H18P)2MnBr4 does not exhibit spin splitting or significant 
changes in magnetic state between the two cooling methods. The 
pattern of magnetization in Figure 3c follows the Curie law. 
Without magnetic field, the moment was weakly coupled and 
randomly aligned due to thermal agitation. As shown in Figure 3c 
the magnetization at 1.8 K reached saturation in a 5 Tesla field. 

In Cu2+ there are nine electrons in d-orbitals, with eight paired 
and one unpaired. Under applied field, the unpaired electron 
produces a small magnitude of magnetisation. Magnetic data for 
(C19H18P)2CuBr4, after subtraction of the background signal from 
the sample holder (Figure S3), are shown in Figures 3b and 3d and 
indicate paramagnetic behaviour. The Curie constant for 
(C19H18P)2CuBr4 is 0.030(6). Figure 3f shows the Brillouin fit for 
(C19H18P)2CuBr4, also validating its paramagnetic behaviour.  

Figures 4, S4 and S5 show the magnetic properties of 
(C19H18P)FeBr4 at different temperatures, as measured with the 
applied field aligned parallel to the crystallographic c-axis. Varia-
tions of the susceptibility, , match those of a paramagnetic 
phase from room temperature down to an antiferromagnetic 
ordering transition at TN = 11 K (Figures 4a and S4). A peak in the 
heat capacity at 11 K (Figure 4c) confirms the transition. The in-
verse susceptibility in the range 100−300 K fits the Curie-Weiss 
law (Figure 4b), χ–1 = (T–θ)/C,[17] with C = 4.998(5), θ = −19.05 K 
and µeff = 6.32(3)μB, consistent with Fe3+ ions being in the high 
spin state (S = 5/2).The negative θ is often observed in antiferro-
magnetic materials above their Néel temperature, which suggests 
the presence of antiferroelectric interactions. An additional 
anomaly in the susceptibility was found below TN and varied with 
the strength of the applied field (Figures 4a,b and S4). As the ex-
ternal field decreased, the sharp peak at TM increased in magni-
tude and became pronounced, consistent with a ferromagnetic 
component due to spin canting. In this case, the spins were not 
perfectly antiparallel, with canting by only a fraction of degree, 
resulting in the rise in susceptibility.  

Magnetization as a function of field for (C19H18P)FeBr4 in-
cludes inflections at 1.8 K and 5 K (Figures 4d, S5). According to a 
previous report, (PEA)2MnCl4

[18] shows a similar inflection when 
the field is out-of-plane, which was interpreted in terms of spin 
flop behaviour. However, there are not enough data for the sus-
ceptibility under different orientations of the field (e.g. in-plane 
and out-of-plane) for this to be confirmed in the present case. 
Figure S6 shows narrow hysteresis loops at 1.8 K and 5 K under 
small applied field (−5000 Oe to 5000 Oe). This also agrees with 
weak ferromagnetism caused by spin canting. 

The choice of three transition metals for the present study 
resulted in different interactions between the metal bromide 
tetrahedra, and in varied packing structures, which subsequently 
influenced the dynamics within the system (Table 2). Mn

2+
 ions in 

(C19H18P)2MnBr4 are weakly interacting due to the relatively large 
distance between metal centres, presenting a very loose packing 
state. The same applies to Cu2+ in (C19H18P)2CuBr4. By way of con-
trast, (C19H18P)FeBr4 exhibits the tightest structure, with the 
shortest distance between metal centres. The packing style de-
termines whether there is weaker or stronger interaction be-
tween metal cations and whether there is more or less space for 

rotational displacements of the organic components. These 
structural factors then influence the crystallization, phase transi-
tions, and magnetic behaviour of each phase. Both Mn2+ and Fe3+ 
have five electrons in their d orbital and remain in a high-spin 
state. Cu2+ has one unpaired electron and the [CuBr4]2− tetrahedra 
are distorted due to a strong Jahn-Teller effect. (C19H18P)FeBr4 is 
in principle multiferroic below 11 K in that it is expected to be 
ferroelectric, ferroelastic and weakly ferromagnetic. 

 
Figure 4  Magnetic and heat capacity results. (a) Zoomed in result for 

(C19H18P)FeBr4 susceptibility. (b) Inverse susceptibility of (C19H18P)FeBr4. (c) 

Low temperature heat capacity of (C19H18P)FeBr4. (d) Zoomed in magneti-

zation of (C19H18P)FeBr4 with respect to applied field at different tempera-

tures. 

Conclusions 

In this work, we have used heat flow, heat capacity and 
MPMS measurements to characterise similarities and differences 
between three 0D hybrid transition metal bromides. They display 
paramagnetism, antiferromagnetism, ferromagnetism due to spin 
canting, a potential spin-flop transition, a first order ferroelastic 
transition, a reconstructive transition between structures with the 
same space group, different crystallisation/glass transition be-
haviour and, in the case of the Cu phase, a strong Jahn-Teller ef-
fect. Single crystals of the Cu phase also have some structural 
change which are sufficient to cause them to break up into small 
pieces.  

This phenomenologically rich diversity in just three com-
pounds is shaped by the fact that the metal tetrahedra can rotate 
relatively freely in 0D structures. The three different metal cations 
contribute significantly to packing density, molecular flexibility 
and electronic interactions, which in turn impact the structural, 
thermal and magnetic properties. It must be expected that 0D 
hybrid transition metal organic compounds, more widely, repre-
sent a class of materials with the potential to display a wide range 
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of functional properties in bulk or as thin films that can be tuned 
or manipulated according to the choice of metal cation. 

Experimental 

Sample synthesis 

(C19H18P)2MnBr4: 0.7144 g C19H18PBr (2 mmol) was dissolved 
in ethanol (5 mL), then 0.2148 g MnBr2 (1 mmol) was added. After 
ultrasonic agitation, 1.5 mL HBr was added to the transparent 
solution. Following a few days of evaporation at room tempera-
ture, transparent, bright green single crystals with dimensions of 
~5 x 5 x 2 mm3 were obtained. 

(C19H18P)FeBr4: 0.3572 g C19H18PBr (1 mmol) was dissolved in 
5 mL water, then 0.2956 g FeBr3 (1 mmol) was added. Ultrasonic 
agitation was used to dissolve the powder. The solvent was evap-
orated at room temperature for several days. Dark brown single 
crystals with dimensions of ~2 × 1 × 1 mm3 were obtained. 

(C19H18P)2CuBr4: The same process as for the Fe and Mn sam-
ples was followed, with the exception that 0.7144 g C19H18PBr (2 
mmol) and 0.2234 g CuBr2 (1 mmol) were added to 5 mL water. 
After several days of evaporation at room temperature, dark pur-
ple prismatic single crystals with dimensions of ~10 × 2 × 2 mm3 
were obtained.  

Single crystal X-ray diffraction 

Single crystal X-ray diffraction data were collected on a Rigaku 
XtaLAB MM007CCD diffractometer (Cu Kα λ = 1.54184 Å). ~0.05 
mm sized single crystals of three samples were used. For 
(C19H18P)2MnBr4, structure at 100 K was measured and pub-
lished.[8] For (C19H18P)2CuBr4, structures at 293 K and 373 K were 
measured and were deposited in the Cambridge Crystallo-graphic 
Data Centre (CCDC) under the reference number 2451467 (293 K) 
and 2453652 (373 K). For (C19H18P)FeBr4, structures at 100 K, 150 
K and 318 K were measured and were deposited in CCDC under 
the reference number 2430770 (100 K), 2209969 (150 K) and 
2209981 (318 K). Liquid nitrogen was used to cooling the system. 
Data collection and structural refinement were carried out with 
Rigaku CrysAlisPro and Olex 2 software package.[19] The crystal 
data and structure refinement parameters are listed in Tables S1 
and S2 of the Supporting Information.  

Heat flow 

Heat flow was measured using a TA DSC25 Differential Scan-
ning Calorimeter. Sample powder was sealed in a Tzero Aluminum 
pan and measured under helium atmosphere. For 
(C19H18P)2MnBr4, 5 mg of powder was measured from 380 K to 
460 K with the heating/cooling rates of 10 K·min−1. For 
(C19H18P)2CuBr4, 5.2 mg of powder was measured from 128 K to 
548 K with heating/cooling rates of 20 K·min−1. For (C19H18P)FeBr4, 
5.3 mg of powder was measured from 128 K to 548 K with heat-
ing/cooling rates of 20 K·min−1. 

Heat capacity 

Heat capacity was measured using the heat capacity option in 
a Quantum Design Dynacool physical properties measurement 
system. Apiezon N grease was used to couple (C19H18P)FeBr4 and 
(C19H18P)2CuBr4 to the heat capacity option stage; Apiezon H 
grease was used for (C19H18P)2MnBr4. The heat capacity for 
(C19H18P)FeBr4 was measured from 2 K to 50 K, and from 202 K to 
300 K. For (C19H18P)2CuBr4, the heat capacity was measured from 
178 K to 220 K. For (C19H18P)2MnBr4, it was measured from 238 K 
to 311 K. 

Magnetic property measurement system (MPMS) 

Magnetic measurements were undertaken using a Quantum 
Design MPMS Squid magnetometer. A straw was used as the 
sample holder in this experiment. The sequence of measurement 
for the three samples involved zero field cool (ZFC), field cool (FC) 

and magnetization scans. For (C19H18P)2MnBr4 and (C19H18P)2CuBr4, 
the ZFC run involved cooling without field and then heating the 
sample in a field of 1000 Oe to measure susceptibility during 
heating. For (C19H18P)FeBr4, the ZFC run involved cooling without 
field and then heating the sample in a field of 50 Oe, 100 Oe, 200 
Oe, 500 Oe, 1000 Oe, 2000 Oe, 1 T and 2 T to measure suscepti-
bility during heating. For (C19H18P)2MnBr4 and (C19H18P)2CuBr4, the 
FC run involved cooling in a 1000 Oe field and then heating in a 
field of 1000 Oe to measure susceptibility during heating. For 
(C19H18P)FeBr4, the FC run involved cooling in a 1000 Oe field and 
then heating in a field of 50 Oe, 100 Oe, 200 Oe, 500 Oe, 1000 Oe, 
2000 Oe, 1 T and 2 T to measure susceptibility during heating. The 
magnetization scans include setting target temperatures and then 
measuring magnetization from 0 T  7 T  −7 T 0 T at each 
temperature. The direction of the applied field was parallel to the 
c axis of the three samples. 

Supporting Information 

The supporting information for this article is available on the 
WWW under https://doi.org/10.1002/cjoc.70219. 
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