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Comprehensive Summary  

 

Neutron diffraction studies of the low-temperature relaxor ferroelectric phases of [NH4]M(HCO2)3, where M = Mn
2+

 and Zn
2+

, show 
that a third of the NH4

+
 cations remain subtly structurally disordered to low temperature. All NH4

+
 cations within the channels are well 

separated from each other, with significant hydrogen bonds only with the anionic M(HCO2)3 framework. Complementary studies of the 
dynamics using 

2
H solid state NMR and quasielastic neutron scattering indicate significant rotational motion in both paraelectric and 

ferroelectric phases, which evolves gradually with increasing temperature with no abrupt change at the phase transition. Nudged elas-
tic band calculations suggest that the activation barrier for flipping between “up” and “down” orientations of the NH4

+
 cations is low in 

the ferroelectric phase, with the NH4
+
 cations primarily interacting with the framework rather than neighbouring NH4

+
 cations. It is 

likely this motion that is responsible for scrambling the NH4
+
 cation orientation locally in the ferroelectric phase. We propose that this 

disorder, with the same basic motion active above and below the phase transition, induces the significant dielectric relaxation in these 
materials. This suggests that orientational disorder may be an effective substitution for compositional disorder commonly associated 
with relaxor ferroelectrics in molecular materials. 
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Background and Originality Content 

Ferroelectric materials exhibit a spontaneous and switchable 
polarisation arising from the alignment of electric dipoles with an 
applied electric field. In most ferroelectrics, the atomic mecha-
nism involves dipoles that are correlated below a symmetry- 
breaking phase transition: this includes both the displacive transi-
tions common amongst ceramics, such as the widely industrially 
used BaTiO3,

[1-2]
 and order-disorder transitions in the hydrogen- 

bonded ferroelectrics Rochelle’s salt and K2HPO4, which are built 
from molecular units.

[3-4]
 These phase transitions are associated 

with a sharp discontinuity in the dielectric permittivity as a func-
tion of temperature. On the other hand, relaxor ferroelectrics 
have broad peaks in their temperature dielectric spectra, with the 
peak temperature depending significantly on frequency; most 
such materials are ceramic or organic polymer based systems that 
show no bulk symmetry change in the temperature range in which 
their dielectric constants peak.

[5-8]
 Relaxor ferroelectrics are de-

sirable materials for harvesting waste mechanical energy, high 
power energy storage in capacitors and ultrasound sensing appli-
cations, due to their large dielectric constants and piezoelectric 
responses. In addition, the broad temperature range over which 
they exhibit their high dielectric responses offers a wider opera-
tional window for functional devices.

[9]
 Common drawbacks of 

such materials are that they are usually Pb based (and many 
lead-free alternatives still contain heavy metals) and most suffer 
electromechanically induced strain.

[7,9]
 

In established families of relaxor ferroelectrics, the relaxor 
behaviour is almost ubiquitously associated with compositional 
inhomogeneity. For example, ceramic oxide relaxors are usually 
perovskites with a complex mixture of positionally disordered 
cations on their A and B sites; while in wholly organic polymer 
relaxors, inhomogeneity is achieved through a distribution of dif-
ferent functional groups.

[6,10-11]
 This gives rise to a domain struc-

ture associated with the temperature and frequency dependence 
of the dielectric properties. There has been much recent interest 
in hybrid ferroelectrics, comprised of both inorganic and organic 
components. Several such materials show dielectric spectra char-
acteristic of relaxor behaviour.

[12-17]
 Such hybrid ferroelectric ma-

terials exhibit high mechanical flexibility and facile synthesis along 
with several shown to exhibit higher dielectric and piezoelectric 
constants than polymer relaxors, thus making these promising 
materials for energy harvesting and storage, including for weara-
ble devices. Unlike known relaxors, however, these inorganic- 
organic hybrid ferroelectric materials are not doped and show no 
compositional disorder (similar behaviour has also been reported 
in a homogeneous molecular organic solid

[18]
). The origin of the 

relaxor-like properties in these materials therefore remains un-
clear.

[19-22]
  

We have recently highlighted that the relaxor-like dielectric 
properties of [NH3NH2]Mg(HCO2)3 are likely caused by the polar 
phase featuring a mixture of NH3NH2

+
 cations that are perpendic-

ular and parallel to the channel.
[23]

 The populations appear to 
interchange in the polar phase, with this orientational disorder 
giving rise to fluctuating regions of polar NH3NH2

+
 cations aligned 

along the channels in a matrix of non-polar NH3NH2
+
 cations per-

pendicular to the channels. This study utilised a mixture of neu-
tron single crystal diffraction, 

2
H NMR and quasielastic neutron 

scattering (QENS), which have particular sensitivity to the cation 
behaviour across a range of timescales through their sensitivity to 
hydrogen. The [NH4]M(HCO2)3 (M = Mg

2+
, Mn

2+
, Fe

2+
, Co

2+
, Ni

2+
 

and Zn
2+

) frameworks, which have very similar chiral hexagonal 
framework structures to [NH3NH2]Mg(HCO2)3, have been reported 
by Xu et al.

[12,14]
 to be relaxor ferroelectrics. The dielectric spectra 

of the [NH4]M(HCO2)3 compounds show relatively broad peaks 
with frequency dependence indicative of dielectric relaxation; the 
change in the temperature at which the dielectric response peaks 
with the electrical field frequency is less in the [NH4]M(HCO2)3 

series than in [NH3NH2]Mg(HCO2)3.
[12,14,24]

  
The [NH4]M(HCO2)3 series adopt a helical anionic M(HCO2)3 

framework, which has a 4
9
·6

6
 network topology, with hexagonal 

channels occupied by the NH4
+
 cations.

[12,14,24]
 In the high temper-

ature phase, the NH4
+
 cations are disordered between orienta-

tions pointing “up” and “down” the c-axis, with the structure hav-
ing P6322 hexagonal symmetry (see Figure S1).

[25]
 Most of these 

chiral hexagonal materials show a conventional paraelectric to 
ferroelectric transition at low temperature associated with the 
dielectric maxima. This leads to a polar hexagonal P63 space group 
at low temperatures with the dielectric maxima being associated 
with this transition.

[25]
 This is reported to be due to ordering of 

the cations, changing the single disordered NH4
+
 environment in 

the paraelectric phase to three crystallographically distinct NH4
+
 

environments in the low temperature ferroelectric phase.
[12,14,24] 

Transition temperatures decrease as the metal cation across the 
series gets smaller;

[12,14,26] 
the phase transition to the polar phase 

is supressed for the smallest cation Ni
2+

.
[25]

 Electron paramagnetic 
resonance measurements on Mn

2+
-doped [NH4]Zn(HCO2)3 indi-

cate the ferroelectric transition is continuous, belonging to a 2D 
universality class.

[27]
 Further details of this structural phase transi-

tion are discussed in the electronic supporting information (ESI). 
Like the [NH3NH2]M(HCO2)3 series, the [NH4]M(HCO2)3 sys-

tems lack cation doping and have an explicit symmetry change at 
the temperature associated with their dielectric anomaly, which 
are not features usually associated with relaxors.

[9]
 Understanding 

the origins of their relaxor-like behaviour requires probing the 
structures and dynamics of the material beyond what can be 
gained from initial X-ray crystal structure determination. While 
initial neutron powder diffraction studies were able to resolve the 
fine details of the structure of the paraelectric phase, this was 
inadequate for the more complex polar structure.

[25]
 Similarly, 

studies of the dynamics of these materials are very limited. Herein, 
we have employed a similar multi-technique methodology to that 
we applied to [NH3NH2]Mg(HCO2)3 to gain an understanding of 
the likely origins of the dielectric relaxation in [NH4]M(HCO2)3 with 
the addition of computational modelling to aid interpretation. 
Given indications that the size of the B-site cation has a significant 
effect on the ferroelectric transition, we have focused on the Mn

2+
 

and Zn
2+

 members of the series, which have the smallest and 
largest cation known to undergo the ferroelectric-paraelectric 
phase transition. 

Results and Discussion 

Crystal structure 

Since the structure of the paraelectric phase has been previ-
ously established by powder neutron diffraction,

[25]
 the single crys-

tal neutron diffraction studies presented here focus on the low 
temperature structure, in which the NH4

+
 cations are ordered. The 

symmetry of the M = Mn
2+

 and Zn
2+

 phases below the transition 
temperature, 254 K and 192 K, respectively, is confirmed as P63, 
with three crystallographically unique cation environments that sit 
within the hexagonal channels of the M(HCO2)3 framework.

[12]
 The 

elusive proton positions of the NH4
+
 cations were previously de-

termined geometrically by X-ray diffraction using laboratory 
sources, with low certainty in their positions both because X-rays 
are relatively insensitive to light atoms and because hydrogen’s 
single electron is located in the covalent bond. The positions of 
the molecular cations in the polar phase determined by neutron 
single crystal diffraction are shown in Figures 1 and S2, labelled 
according to the nitrogen environments (see Table S1 for crystal-
lographic details); we note this technique is particularly sensitive 
to the N position due to the large neutron scattering length of this 
element. The N1 cations, which occupy the channels at the verti-
ces of the unit cell, are well ordered along the polar c-axis, which 
corresponds with the sixfold screw axis. The two central channels 
of the cell contain alternating N2 and N3 ammonium environ-
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ments centred on a threefold rotation axis. The two resulting 
chains of ammonium cations are oriented antiparallel to each 
other along c. This confirms the arrangement modelled by the 
single crystal X-ray diffraction (SCXRD) experiment.

[12]
  

 
Figure 1  The structural model of the low temperature phase of 

[NH4]Zn(HCO2)3 with the three crystallographically distinct ammonium 

environments situated in the hexagonal channels of the anionic frame-

work highlighted. 

Although the cations appear well ordered in both Zn
2+

 and 
Mn

2+
 structures, there are weak regions of negative scattering 

density around the N2 ammonium environment. The position of 
the negative nucleic scattering for the Mn

2+
 compound suggests 

rotational disorder of the NH4
+
 protons, primarily affecting the 

basal sites (see Figure 2 and Figure S3 for the nuclear density dif-
ference maps for the final modelled structures). On the other 
hand, for the Zn

2+
 compound the disorder appears to be associ-

ated with tilting of the apical proton off the rotation axis. The N2 
cations account for 1/3 of the NH4

+
 groups in the structure and 

further details of the modelling of this disorder are discussed in 
the ESI. The N2 environment in the Zn

2+
 analogue has previously 

been suggested to be likely responsible for the second 
14

N NMR 
environment, due to differences in its hydrogen bonding network 
compared to the other two sites which may be linked to the dis-
order we observe here.

[28]
  

The hydrogen-bonding interactions in both compounds occur 
primarily with the framework, suggesting these host-guest inter-
actions are likely responsible for cation ordering (see Tables S2‒3 
for bond distances and angles). In contrast, the neighbouring cat-
ions within each channel are well separated, with the nitrogen 
atoms in neighbouring cations usually over 4 Å apart. This sug-
gests they may not significantly interact with each other, as is also 
highlighted from Hirshfeld analysis (see ESI, including Figures S4‒
5). This lack of interactions between NH4

+
 cations likely plays a 

role in water molecules being able to insert between ammonium 
sites in the channels at high humidity.

[29]
 We have previously re-

ported similar shielding of guest disorder by the metal formate 
framework in the related framework material dimethylammonium 
manganese(II) formate, which lacks significant hydrogen-bonding 
or other dipole-dipole interactions between neighbouring molec-

ular cations.
[30]

 In contrast the [NH3NH2]M(HCO2)3 phases have 
significant hydrogen bonding interactions between the neigh-
bouring molecular cations within their channels in both their an-
tiferroelectric and polar phases.

[23,31]
 

 
Figure 2  (Top) The Mn2+ P63 phase with hydrogen bonding interactions 

with the N2 ammonium and framework shown alongside a view of the 

modellable disorder of the N2 ammonium ion for clarity. (Bottom) The 

Zn2+ P63 phase with hydrogen bonding interactions with the N2 ammoni-

um and the framework shown alongside the modellable rotational disor-

der of the N2 ammonium ion shown for clarity. The H2a-N2-H2c angle φ is 

also highlighted with a value of 34(4)°. 

The cell dipole was previously established to arise from an 
asymmetry of charge distribution in the unit cell caused by the 
displacement of the NH4

+
 cations in the channels.

[12,14]
 The am-

monium displacements calculated from single crystal neutron 
diffraction, which has greater sensitivity to the N positions, are 
shown in Table 1. These were determined by measuring dis-
placement relative to the metal cation, which are at equivalent 
positions in c in the paraelectric phases, as previously used by Xu 
et al.

[12,14]
 The overall arrangement has two of the three distinct 

ammonium cations displaced in one direction. The unit cell polar-
isation is therefore ferrielectric, with oppositely oriented polarisa-
tions that do not cancel completely and thus still give an overall 
cell polarisation. The N atoms displaced in the same direction are 
N1 and N2 in the Mn

2+
 material and N2 and N3 in the Zn

2+
 materi-

al. Interestingly, and consistently with the previous work on this 
system, this indicates that in the Mn

2+
 material, one of the two 

distinct NH4
+
 cations sharing a channel moves in the same direc-

tion as the cations in the other channel; but in the Zn
2+

 material, 
the NH4

+
 cations in the same channel all move in the same direc-

tion, opposite to those in the other channels. This is consistent 
with the NH4

+
 cations in each channel having limited interactions 

with each other, with the positions they adopt at low temperature 
arising from optimising their interactions with the framework. The 
absolute values of the displacements of the N1 and N2 nitrogen 
atoms in the Mn

2+
 material are also more varied from those de-

termined previously by X-ray studies at 110 K, suggesting these 
may evolve further as the material is cooled to 22 K, as used here. 

Solid-state 2H NMR of [NH4]Zn(HCO2)3 

The static bandshapes across all temperatures, Figure 3, are 
very narrow, indicating significant motion, consistent with random  
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Table 1  Displacement of the nitrogen atoms along the c-axis in the 

[NH4]M(HCO2)3 phases obtained from neutron diffraction compared with 

those determined from the X-ray structure by Xu et al.[12]  

Atomic site z coordinate 
From SCND  
at 20 K/ Å 

From SCXRD 
at 110 K[12]/Å 

[NH4]Mn(HCO2)3 

Mn 0.432(8) 0 0 

N1 0.515(6) −0.710(8) −0.406(4) 

N2 0.446(8) −0.120(8) −0.441(4) 

N3 0.372(7) +0.513(8) +0.482(4) 

Net displacement  −0.317(14) −0.365(7) 

[NH4]Zn(HCO2)3 

Zn 0.4804(5) 0 0 

N1 0.5287(6) +0.3977(6) +0.397(4) 

N2 0.4319(8) −0.3994(8) −0.359(7) 

N3 0.4338(8) −0.3837(8) −0.375(7) 

Net displacement  −0.3854(13) −0.337(11) 

 
Figure 3  (Top) static SSNMR 2H spectra and (bottom) T1 relaxation meas-

urements of [NH4]Zn(HCO2)3 at a 2H NMR frequency of 61.42 MHz. Tem-

peratures are given to the nearest 5 K, reflecting uncertainties in temper-

ature calibration. 

re-orientation of all NH4
+
 cations across the full range. The band-

shapes become narrower at higher temperatures (i.e., exhibit a 
smaller averaged CQ), which implies that motion is slowly ap-
proaching quasi-isotropic re-orientation. Interestingly, this in-
creased symmetry is independent of the phase transitions, with a 
smooth evolution of CQ observed with increasing temperature. 
The motion at low temperature is clearly not a single-axis three-
fold rotation (C3) jump, which would lead to two distinct spectra: 
a broad spectrum ~200 kHz wide and a narrow spectrum ~67 = 
200/3 kHz wide. Instead, even at low temperature, all the N–H 
bond vectors must be in exchange at a rate faster than 61 MHz 
(based on the T1 data). The residual lineshape after averaging 
corresponds to an axially symmetric coupling tensor, consistent 
with the different interactions of the basal versus apical positions 
with the framework, leading to a non-zero CQ after motional av-
eraging. Note that NMR cannot determine the exact motional 

mechanism for the “scrambling” of N–H orientations. 
2
H T1 relaxation measurements showed two regions with a 

distinct change of gradient either side of ~200 K, corresponding to 
the crystallographic phase transition at 192 K (see Figure 3). The 
activation energy for the quasi-isotropic exchange is 20.6 ± 0.7 
kJ·mol

–1
 from the low temperature region. The lower activation 

energy of 7.9 ± 0.1 kJ·mol
–1

 at higher temperature is consistent 
with motion in the high-temperature paraelectric phase being 
more energetically favourable.  

Quasielastic neutron scattering (QENS) 

Evaluation of the mean squared displacement (MSD) parame-
ter with temperature, presented in Figure 4, indicates proton mo-
tion becomes sufficiently fast to be detected above 100 K for each 
system; this is a similar temperature to that at which CH3 rotations 
often activate, and is attributed here to the onset of NH3 rota-
tions.

[32]
 The motion then increases rapidly for each system as it 

approaches the crystallographic phase transition. This observation 
is typical, as locally dynamics will speed up as the transition tem-
perature approaches on heating, and the local proton motion will 
be detected before the bulk phase change.

[33]
 A phase transition 

will typically involve a sudden increase in the gradient of this 
curve, as softer modes become activated and the Debye temper-
ature decreases.

[34]
 The MSD increases more gradually at higher 

temperatures above the phase transition, the decrease in gradient 
for the Mn

2+
 material occurs immediately following the crystallo-

graphically observed phase transition temperature, whilst in the 
Zn

2+
 material this occurs about 20 K above the phase change (see 

Figure 4). The higher MSD values in the high temperature phase 
suggests the motion involves a lower energy barrier in the lower 
temperature phase, consistent with the significant decrease in 
activation energy for motion above the phase transition deter-
mined by the 

2
H SSNMR. 

The elastic incoherent structure factor (EISF), which is the 
proportion of scattering that is elastic as a function of scattering  

 
Figure 4  The mean squared displacement of the [NH4]M(HCO2)3 frame-

works showing the deviation of protons from general positions with in-

creasing temperature for (top) [NH4]Mn(HCO2)3 and (bottom) 

[NH4]Zn(HCO2)3. Dark blue dotted lines highlight the crystallographically 

determined phase transition temperature, with light blue lines highlighting 

a decrease in the gradient of the plots. 
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vector Q (see Equation S2), can be used to describe the geometry 
of the rotational diffusion of the NH4

+
 cations about their given 

centre of mass.
[35]

 As is commonly done to determine the “best” 
EISF model,

[36-39]
 possible models for the [NH4]M(HCO2)3 com-

pounds are presented in Table S4 with representative fits for each 
model at low temperature and high temperature for M = Zn

2+
 (see 

Figures S6–8). In each case, the fraction of molecules contributing 
to the motion, f, is refined, along with an empirical correction for 
multiple scattering effects, m, by Equation S3. The data collected 
with the PG(002) monochromator does not measure to suffi-
ciently high Q to allow the models to be distinguished, and the 
difference between the fits of the different models to the data 
collected using the PG(004) monochromator is relatively subtle. At 
low temperatures we employ a model (model E in Table S4) that 
combines threefold rotation around a N‒H bond that causes pro-
tons to jump between the other three protons sites along with 
allowing for motion of the formate. The formate contribution is 
consistent with the significant displacement parameters of the 
formate proton in the anisotropically refined Zn

2+
 structural model 

(see Figure 2). At higher temperatures a different model (model F 
in Table S4) is tested which combines a twofold rotation (model-
ling the “up”/“down” disorder in the high temperature structure) 
in addition to single-axis threefold rotation. For both models, the 
radius of the rotational motion of the NH4

+
 cations is fixed from 

the distances indicated by the neutron crystallography, with the 
distance for the twofold rotation fixed by the height of the low 
temperature tetrahedron. The fits for the model to the EISF data 
at varying temperatures are shown in Figure 5 for both the 
PG(002) and PG(004) orientations. As only a single Lorentzian 
peak can be fitted, the QENS models treats the crystallographical-
ly distinct NH4

+
 environments as equal across all temperatures. 

Model E fits well to all temperatures and is similar to F where this 
is employed at high temperature. Thus, the EISF data is also con-
sistent with a smooth evolution of the motion across the phase 
transition rather than a sudden change. While neither model di-
rectly matches the quasi-isotropic scrambling indicated by the 

2
H 

NMR the trends we draw from these fits will likely remain correct 
even if the absolute values determined for f and m may be 
somewhat model dependent. An evaluation of f between the two 
compounds shows that the NH4

+
 cations in the Zn

2+
 sample are 

much more dynamic than in the Mn
2+

 analogue at comparable 
temperatures. While f is usually expected to increase linearly with 
temperature, this is not observed here (see Table S5 and Figure 
S9). This is attributed to some fraction of the molecules moving 
faster than the ~1 ps rate that can be resolved by the dynamic 
range of the OSIRIS spectrometer. Deviation of the f-values from a 
linear trend with temperature occurs at about the same temper-
ature that the level of the EISF rises, consistent with some fraction 
of the hydrogen atoms moving faster than the range of the spec-
trometer. Interestingly, the observed curving of the f parameter 
begins below the crystallographic phase transition temperature, 
suggesting that the fast motion is already occurring for a fraction 
of molecules in the ferroelectric phase.  

The variation in the Lorentzian width 𝛤 with Q is minimal 
(see Figure S10), suggesting a lack of long-range diffusion, and 
consistent with localised rotational motion. The increase in 𝛤 
with temperature indicates the motion increases in speed with 
temperature, while the increase in f indicates that more mole-
cules are reorienting on the OSIRIS timescale. The mean residency 
times of the protons are calculated as described in the ESI and 
presented in Table S6; again, these suggest the proton motion is 
faster in the Zn

2+
 compound than the Mn

2+
 analogue. With in-

creasing temperature, the mean residency times reduce but 
without a discontinuity through the phase transition, consistent 
with the gradual increase in motion observed on the 

2
H NMR 

timescale. Activation energies extracted from a plot of the evolu-
tion of ln 𝛤 against inverse temperature yield estimated values 
for the activation energy for the motion observed as ~10 kJ·mol

–1
 

for both compounds (see Figure S11). This activation energy is 
averaged across both ferroelectric and paraelectric phases due to 
the limited data available in the high temperature phase and thus 
primarily suggests that the preexponent of the Zn

2+
 phase is larger 

than for Mn
2+

, given other aspects of the QENS analysis suggests 
motion is faster in the former.  

 

Figure 5  EISF plots for [NH4]M(HCO2)3, where M = Mn2+ and Zn2+ in both 

the PG(002) and PG(004) analyser orientations, with models fitted to the 

experimental EISF data. Solid lines show model E (threefold rotation with a 

formate contribution), and dashed lines show model F (threefold rotation 

and twofold rotation) for higher temperatures. There are very small dif-

ferences between the different models. See ESI for further details.  

Origins of dielectric relaxation 

The NH4M(HCO2)3 series have channels of NH4
+
 cations which 

are likely screened from each other by the anionic framework. 
Similarly, within the channels the lack of hydrogen bonding be-
tween neighbouring NH4

+
 cations suggests they are relatively well 

isolated from each other, unlike in the related 
[NH3NH2]Mg(HCO2)3 where the larger molecular cations interact 
significantly.

[23]
 Thus the hydrogen-bonding network formed with 

the anionic framework likely plays a key role in the NH4
+
 cations 

ordering at the phase transition. The greater motion of NH4
+
 cati-

ons in the Zn
2+

 material suggested by the QENS is likely responsi-
ble for its lower temperature phase transition compared to the 
Mn

2+
 compound because less thermal energy is required for the 

transition to the high temperature phase to occur. The channels of 
the Zn

2+
 phase are smaller than those in the Mn

2+ 
phase (c.f. 

8.3946(8) Å to 8.4461(11) Å based on the structures of Xu et 
al.

[12]
), as might be expected from the smaller ionic radii of Zn

2+
 

(c.f. 0.74 Å and 0.83 Å for Zn
2+

 and Mn
2+

, respectively).
[26]

 It is thus 
unlikely that mechanical effects are primarily responsible for the 
greater motion of the Zn

2+
 phase; instead this likely involves sub-

tle differences in the hydrogen bonding network between the 
NH4

+
 cations and the framework leading to these being stronger 

for the Zn phase, we are unable to resolve these differences 
within the precision of our crystal structures. The general trend of 
the structural phase transition decreasing in temperature with 
decreasing ionic size across the [NH4]M(HCO2)3 series might be 
linked to the motion of the NH4

+
 cations increasing with smaller 

size B-site cations. In this case, the motion of these A-site cations 
in the Ni

2+
 framework may be sufficiently high to supress the 

phase transition completely. 
Both the 

2
H SSNMR and QENS data suggest that the motion is 

similar, albeit slower, in the low-temperature and high-tempera-
ture phases. To investigate this further, we used nudged elastic 
band calculations to estimate the energy barrier to reorientation  
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Figure 6  Change in energy, from DFT NEB calculations, as a single N1 

NH4
+ cation is rotated from its experimentally determined position (rota-

tion coordinate 0.0) to an inverted orientation (rotation coordinate 1.0) in 

the low temperature phase of [NH4]Zn(HCO2)3. As indicated in accompa-

nying structure fragments, this involves a limited tilting of the tetrahedron 

rather than a C2 rotation through a full 180°. The small arrows in initial and 

final structures indicate the direction of the c-axis, demonstrating that this 

motion indeed produces a transition between “up” and “down” states. 

of a single N2 ammonium ion in the low-temperature phase of 
[NH4]Zn(HCO2)3 under different motional models. It is clear from 
the NMR spectra that all the ammonium sites are undergoing 
essentially the same motion; while the diffraction data indicate 
that the N2 site is more disordered than others, it is clear the 
motion in the low temperature phase is not restricted to this site. 
As shown in Figure 6, we find a particularly low energy barrier of 
15.2 kJ·mol

–1
 for a tilt-jump process that switches between “up” 

and “down” states while also converting between axial and equa-
torial sites, thus avoiding a full 180° rotation (see Video S1). Al-
ternative mechanisms for inverting the ammonium orientation 
involve breaking more hydrogen bonds, e.g., a C3-like motion 
about the c axis, and have higher energy barriers (see Videos S2‒3 
& Figure S12). The energy barrier is similar in magnitude to the 
barrier to rotation in ammonium bromide, estimated at 14–18 
kJ·mol

–1
;
[40]

 interestingly, this is also approximately constant 
across the III-II order-disorder transition at 235 K in that material. 
A pair of “tilt-jumps” will return the cations to their original, 
low-energy, orientation, but crucially will scramble the N–H ori-
entations. Hence, we propose that this low-energy process is re-
sponsible for the dynamics observed in the NMR and QENS ex-
periments. In the low-temperature phase, the “flipped” state is 
12.3 kJ·mol

–1
 above the ground-state structure and will have neg-

ligible equilibrium population (i.e., will not be observed in exper-
iments). Above the phase transition, there is no energy penalty 
for inverting an individual cation and the “up”/“down” states will 
be equally occupied, leading to the crystallographic disorder ob-
served in the high temperature phase. Modelling the energetic 
profile in this phase, however, would require sophisticated molec-
ular dynamics simulations and is outside the scope of this work. It 
is already clear from the NMR and QENS that the barrier to mo-
tion is lower in the high temperature phase. Such behaviour is 
commonly observed in both ionic and molecular “plastic crystals” 
and the negative thermal expansion material, ZrW2O8.

[40-41]
 The 

fact that the same motional process allows dipole inversion and 
scrambling of the ammonium orientation in both phases provides 
an elegant rationalisation for the relaxor behaviour in the 
low-temperature polar phase, including both the shift with fre-
quency and the broadness of the peak observed in the dielectric 
spectra. That the motion attributed to the “tilt-jump” is detecta-
ble on the slower timescale of the NMR, which are measured at 
61.4 MHz, are particularly relevant as it broadly coincides with the 
timescale of the dielectric spectroscopy,

[18]
 which are measured 

across a 1‒1000 kHz range for both [NH4]Mn(HCO2)3 and 
[NH4]Zn(HCO2)3.

[12,14]
 This makes it likely this motion causes the 

previously reported dielectric relaxation. While a more detailed 
analysis of the effects of the proposed dynamics on the dielectric 
spectra would add further insight computational studies that pre-
dict the dielectric properties would be required to achieve this, 
this would be very computational expensive and thus beyond the 
scope of this study. 

The lack of significant interactions between the NH4
+
 cations 

in the same channel likely plays a significant role in the relatively 
low barrier to reorientation, as there is no strong restriction pre-
venting neighbouring molecular cations from adopting different 
orientations. Previous EPR work suggested this transition belongs 
to a 2D universality class;

[27]
 this is probably associated with or-

dering of the crystallographically distinct channels within the ab 
plane while lone NH4

+
 cations within a channel may flip their ori-

entations. The observed crystallographic disorder of the NH4
+
 

molecules containing N2 in both phases potentially reflects a 
greater tendency to rotation. Ultimately our proposition is that 
there is a link between the disorder in the orientation of the NH4

+
 

cations and their dielectric relaxation. That orientational disorder 
is responsible for that their relaxor-like dielectric relaxation is 
similar to [NH3NH2]Mg(HCO2)3, despite a number of differences 
between the reported origins of their ferroelectric polarisation 
and phase transitions.

[23]
  

Conclusions 

The structure of the ferroelectric phase of [NH4]M(HCO2)3 
frameworks has been clarified, with the three crystallographically 
distinct ammonium environments modelled by neutron diffraction. 
The hydrogen bond network is primarily between the NH4

+
 cations 

and the anionic framework, with very limited interactions be-
tween neighbouring molecular cations, suggesting that these are 
relatively well isolated from each other.  

Both QENS and 
2
H SSNMR studies show that the hydrogen 

sites of the ammonium ions rapidly “scramble”. Motion gradually 
increases and becomes more isotropic with increasing tempera-
ture, strikingly with no clear change in the nature of the motion 
present at the crystallographic phase transition with a significant 
change in the rate of motion only visible on the faster QENS time-
scale. The activation energy of the ammonium motion extracted 
from relaxation studies decreases significantly in the paraelectric 
phase. QENS measurements show motion is local and broadly 
similar in the Mn

2+
 and Zn

2+
 phases, although faster in the latter, 

consistent with its lower ordering temperature. Nudged elastic 
band calculations suggest the barrier to “flipping” of the NH4

+
 

molecules is relatively low in the low-temperature phase.  
Combining these experimental and simulation results, we hy-

pothesise that the “flipping” motion, possible in both the low- 
and high-temperature phases, may in fact be the primary motion 
responsible for scrambling the orientation of the NH4

+
 cations in 

the channels, thereby causing the significant dielectric relaxation 
consistent with relaxor-like ferroelectricity. Our results suggest 
that rotational disorder may be an effective substitution for com-
positional disorder in designing new relaxor ferroelectric frame-
work materials. While further studies of other framework materi-
als known to exhibit significant dielectric relaxation are required 
to confirm if such rotational disorder is common to these, if this is 
the case it highlights a new route to relaxor ferroelectrics that is 
inherently linked to these being molecular materials. Establishing 
this as a design criteria and how different extents and forms of 
rotational disorder affect the extent of dielectric relaxation should 
pave the way towards next-generation relaxor ferroelectrics. 

Experimental 

Samples of [NH4]M(HCO2)3, where M = Mn
2+

 and Zn
2+

, were 
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produced by slow diffusion reactions following literature meth-
ods.

[12,14,42-43]
 Mn

2+
 samples were produced by layering 

Mn(ClO4)2·4H2O, 0.1 M, over a combination of formic acid, 0.4 M, 
and NH4CO2H, 0.8 M in methanol, 16 mL. Powder samples for 
QENS were produced by combining multiple batches.

[43]
 Zn

2+
 

samples were produced by the same layering method with 
Zn(ClO4)2·4H2O, 0.2 M, over a combination of formic acid, 0.8 M, 
and NH4CO2H, 2.4 M in dried methanol, 16 mL. QENS samples 
were produced by a scaled-up synthesis in 40 mL of dried metha-
nol. These samples are all undeuterated. Colourless single crystals 
were produced for SCND of ~1 mm

3
 for M = Mn

2+
 and ~4 mm

3
 for 

M = Zn
2+

. Powder diffraction patterns were collected on a Rigaku 
Miniflex benchtop diffractometer, with Le Bail refinements con-
firming the purity of the samples found in the ESI as Figures S13 
and S14. Single-crystal neutron diffraction measurements were 
done using the SXD diffractometer and QENS measurements using 
the OSIRIS spectrometer, both at the ISIS neutron source (see ESI 
for further experimental details).

[44-45]
 

2
H NMR spectra were obtained on a Bruker Avance III HD 

spectrometer operating at a 
2
H NMR frequency of 61.42 MHz. 

Samples were packed into 4 mm zirconia rotors. The 
2
H shift scale 

was referenced with respect to neat TMS by setting the peak of a 
replacement sample of D2O to 4.81 ppm. Variable-temperature 

2
H 

wideline (static) spectra were acquired using a solid echo with a 
10 s recycle delay and 40 μs echo delay, starting at ambient tem-
perature and cooling in stages down to –109 °C (calibrated tem-
perature). Reproducibility of the spectra was observed on warm-
ing the sample to ambient temperature. The lineshapes corre-
sponded to symmetric quadrupole coupling tensors (i.e., negligi-
ble asymmetry factor/rhombicity, η), and so the effective 

2
H 

quadrupolar coupling, CQ, could be simply obtained from the sep-
aration of the peaks, Δν, using CQ = 4Δν/3. Note that this analysis 
assumes a single dominant value of CQ. 

T1 relaxation times were measured using a saturation recovery 
sequence (saturation with 64 90° pulses separated by 1 ms), again 
using a 40 μs solid echo for detection. Relaxation time constants 
were obtained by fitting spectral integrals to a general exponential 
recovery function. Conversion between set temperatures and 
actual sample temperatures was done by independent calibration 
experiments using ethylene glycol. Uncertainties in the final ab-
solute sample temperatures are estimated to be ±5 K. Further 
details of the analysis and temperature calibration can be found in 
the data archive at https://data.kent.ac.uk/id/eprint/549. 

Density-functional theory calculations were performed for 
[NH4]Zn(HCO2)3 using CASTEP academic release v. 24.1,

[46]
 using 

the PBE functional
[47]

 with TS semi-empirical dispersion correc-
tion.

[48-49]
 This software uses the plane-wave pseudopotential 

method: ultrasoft pseudopotentials were generated on the fly 
using default settings, while the plane-wave basis set cutoff was 
set to 751 eV; the fine grid used to represent the core and aug-
mentation charge density was set to three times the diameter of 
the cutoff sphere. Each energy calculation was converged to 
within 10

–8
 eV/atom, and the geometry optimisations were con-

verged to a maximum energy change of 2 × 10
–5

 eV/atom, a max-
imum force of 0.05 eV/Å, and a maximum shift of 0.001 Å. A single 
unit cell was modelled using periodic boundary conditions, with 
cell parameters fixed at their experimental geometry. First, all 
atomic positions allowed to refine within the experimental P63 
symmetry. Next, a geometry in which one N1 ammonium ion was 
flipped was generated, and again all atomic positions were al-
lowed to refine within the resulting P3 symmetry. Finally, a 
nudged elastic band calculation between these local minima was 
performed in P1 symmetry. The H atoms were identified between 
the two end states to minimise the distance travelled; in particular, 
this means that the flip takes the apical site to an equatorial site 
and vice versa (Video S1). Nine intermediate states were refined, 
with the central one constrained to move uphill to the transition 
state. 
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