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1. Introduction

More complex than originally thought: revisiting
the origins of the relaxation processes in
dimethylammonium zinc formatef

2 Filip Formalik, @2 °¢ Jan K. Zareba, (2 *¢
¢ and Adam Sieradzki (2 *@

Paulina Peksa, (2 *@ Andrzej Nowok,
Justyna Trzmiel,“ Anna Gagor,® Mirostaw Maczka

Metal formates are a subclass of coordination polymers that is renowned for the rich phase transition
behavior arising from the complex interplay of molecular dynamics of organic guests and the
surrounding coordination net. This contribution challenges current consensus on the origins of the
relaxation processes present in the low temperature phase of dimethylammonium (DMA*) zinc formate
[(CH2)2NHLI[ZN(HCOO)s] (DMAZn). Thus far, it was believed that below 156 K the order—disorder
structural phase transition leads to the reduction of the crystal structure symmetry from hexagonal to
monoclinic, as well as causes nearly complete freezing of the DMA* cation. Herein, we assign the crystal
symmetry of low-temperature phase DMAZn to triclinic (P1), based on the observed splitting of Bragg
peaks into six different components originating from six ferroelastic domains. Noncentrosymmetry of
the triclinic phase of DMAZn is confirmed with second harmonic generation measurements. Full
reversibility of phase transition between triclinic (noncentrosymmetric) and trigonal (centrosymmetric)
crystal phases allowed for the demonstration of nonlinear optical switching of the SHG-on-SHG-off
type. In turn, a new set of experimental and theoretical data on cation dynamics shows that in the low
temperature phase the flipping of organic cations does not completely freeze as previously thought.
Dielectric measurements on the DMAZn sample synthesized in an electric field display enhanced
intensity of two relaxation phenomena in dielectric spectra. The origin of these processes, previously
misinterpreted as methyl group rotations, has been explored with the use of DFT calculations. It was
found that the high- and low-frequency processes can be attributed to the hopping between stable and
metastable positions of the DMA™ cation, respectively.

of dense MOFs is generally overwhelming, one of the simplest
perovskite-like MOF subfamilies are metal formates. Metal

Coordination polymers and metal-organic frameworks (MOFs)
featuring the perovskite ABX; architecture have been exten-
sively investigated in the past few decades. While the diversity
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formates are compounds characterized by the generic formula
[A][M(HCOO);] (in which A and M stand for a monoprotonated
molecular alkylammonium cation and a divalent metal center,
respectively) whose hallmark feature is the diversity of physical
properties they display, related to changes in the structural,
dielectric, optical and magnetic responses triggered by a tem-
perature change.'™ It is thus not surprising that these materi-
als have been around for some time due to their multiferroic
characteristics and non-trivial structural phase transition
behaviors especially those of the order-disorder nature.>”*°
Currently, the library of characterized metal formates is
dominated by analogs comprising dimethylammonium cations
([(CH3),NH,]" referred to as DMA") as organic guests. Indeed, in
combination with a wide selection of metal centers, e.g., Zn,
Mn, Cu, and Ni, dozens of scientific studies reporting different
aspects of DMA" cation dynamics have emerged, and their
number is still growing.>*° > As a part of our ongoing interest
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in the mechanistic aspects of phase transitions in metal
formates in this work we revisit 3D zinc formate hosting
DMA" cations, ie. [(CH;),NH,][Zn(HCOO);] (DMAZn). Without
any exaggeration, this compound was and still is a hotspot
for the metal-formate community, as it boasts a rich record of
disparate interpretations of its electrical properties. Much of
the controversy revolves around the electrical properties of a
phase transition that takes place at T, ~156 K.>*'%192122 por
instance, it was initially assumed to be an antiferroelectric
order-disorder structural transformation initiated by the ordering
of the hydrogen atoms in NH,.> However, later studies have
hypothesized that it would rather be a phase transition from a
high temperature paraelectric to a low temperature ferroelectric
phase.’® In this scenario, the phase transition mechanism has
been attributed to the alignment of the hydrogen bonds between
DMA" and the formate group with concomitant buckling of the
metal-formate coordination net.?>*! On the other hand, as of
now, the notion of DMAZn proper ferroelectricity is challenged.
This is due to the fact that there is no direct proof confirming
proper ferroelectric behavior in terms of the results of electric
polarization hysteresis loop measurements.>*

The molecular mechanism of this phase transition has been
extensively studied using a number of experimental methods
such as differential scanning calorimetry (DSC), Raman spectro-
scopy, X-ray diffraction (XRD), broadband dielectric spectroscopy
(BDS), nuclear magnetic resonance (NMR) and electron para-
magnetic resonance (EPR) spectroscopies.>?!19>1,22,24-28
Current consensus is that the low temperature phase of this
compound crystallizes in the non-centrosymmetric, monoclinic
Cc phase, whereas the high-temperature phase is of trigonal
symmetry (space group R3c¢) and shows dynamic disorder of
organic cations. Below the temperature of phase transition, the
flipping of the DMA" cation between three equivalent positions
was supposed to disappear, leading to a complete ordering of
these cations.”'"*° This effect was believed to be associated with
the distortion of the framework, collectively rendering a long-
range electrical order.”® At first, it was thought that dielec-
tric spectroscopy studies support the hypothesis of complete
freezing of molecular motions in the monoclinic phase of
DMAZn,>'%161921:26 j ¢ the dipolar relaxation was detected only
for the high-temperature phase (described as the thermally acti-
vated Arrhenius process, with an activation energy of 0.28 eV).*"
Nevertheless, traces of dipolar relaxation response have recently
been observed for the low-temperature phase, albeit with a
significantly smaller amplitude, compared to the high tempera-
ture process.”” The activation energy was estimated to be 0.29 eV
for the relaxation process observed at high frequencies® and this
energy value is close to the one obtained for DMA" cation flips in
the high-temperature phase. Another relaxation process observed
in the lower frequency range, with an activation energy of 0.2 eV,
was attributed to the rotations of the methyl groups of the DMA"
cation.*® However, as discussed in ref. 24, this assighment cannot
be backed up by NMR and EPR measurements, as the results of
both showed a much smaller activation energy of methyl group
rotation (~0.1 eV).">** Taken together, despite quite a broad set
of experimental data, diverging interpretations of the phase
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transition mechanism and dynamics of the associated phases
are apparent. This calls for detailed reinvestigation of dipolar
properties of the title compound using alternative approaches.

The main aim of the present paper is to systematize the
knowledge of the title compound and to cast more light on its
dielectric response, in particular dipolar relaxation processes.
To this end, we have performed electric field-assisted crystal-
lization of [(CH;),NH,][Zn(HCOO);] (DMAZn_E) and compared
its properties with those of the same compound but synthesized
in a traditional way (DMAZn). Utilizing the broadband dielectric
technique, we show that, contrary to a common belief, the
organic DMA" cation does not completely freeze at the low-
temperature phase. Furthermore, we reveal the complex nature
of the phase transition. In particular, we dielectrically prove the
formation of the pretransitional clusters of the low-temperature
phase even much above T.. Based on the single-crystal X-ray
crystallographic studies of the monodeuterated analogue
[(CH;3),NH,][Zn(DCOO);] (DMAZnD) we show that in the low-
temperature phase it is noncentrosymmetric, and crystallizes in
triclinic space group P1. Assignment of the acentric setting
for this phase has been corroborated with the use of SHG
measurements. Application-wise, this contribution also reports on
temperature-driven SHG-on-SHG-off nonlinear optical switching in
DMAZn, which could be achieved thanks to the reversibility of the
phase transition between triclinic (acentric) and trigonal (centro-
symmetric) crystal phases.

2. Experimental
2.1 Synthesis

Three kinds of materials were prepared: (1) reference [(CH3),NH,]
[Zn(HCOO);] (DMAZn) synthesized in a traditional way, (2)
[(CH3),NH,|[Zn(HCOO);] (DMAZn_E) obtained as a product of
electric field-assisted crystallization, and (3) dimethylammonium
zinc formate with deuterated formate [(CH;),NH,][Zn(DCOO);]
(DMAZnD).

The following reagents were used during synthesis of the
reference DMAZn: ZnCl,, methanol, and a 2.0 M solution of
dimethylamine in methanol and formic acid. A solution
containing 10 mL of methanol, 5 mL of 2.0 M solution of
dimethylamine in methanol and 4 mL of HCOOH was placed at
the bottom of a glass tube. To this solution, 15 mL of a
methanol solution containing 0.99 mmol of ZnCl, was gently
added.”® The second material (DMAZn_E) was synthesised in
the same way, but an external electric field of 10 kv was
additionally applied during the whole synthesis process. In
both cases, crystals were harvested after 4 days.

In order to obtain DMAZnD 2 mL of a 2.0 M solution of
dimethylamine in methanol, 1 mL of formic-d acid and 10 mL
of N,N-dimethylformamide were added to 10 mL of methanol
and mixed. In the next step, 10 mL of methanol solution
containing 1 mmol of ZnCl, was added, mixed, and left at
room-temperature in a sealed polypropylene container. The
crystals were harvested after 48 hours, washed three times with
methanol, and dried at room-temperature.'” Only DMAZn was
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used for the second-harmonic generation measurement.
DMAZn_E was used in thermal and dielectric measurements.
DMAZnD was used only for thermal measurements and X-ray
diffraction studies in order to obtain results of better quality.

2.2 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
performed using a high-resolution Mettler Toledo DSC-1 calori-
meter at a scanning rate of 5 K min~'. The measurements were
performed in the temperature range of 130-270 K upon heating
and cooling. Nitrogen was used as a purging gas.

2.3 Single-crystal X-ray diffraction

The diffraction data were collected for DMAZnD using a
Xcalibur diffractometer equipped with CCD Atlas camera and
Mo Ka radiation source. CrysAlisPro 1.171.38.46 (Rigaku Oxford
Diffraction, 2015) was used for data processing. An empirical
absorption correction was applied using spherical harmonics
implemented in Scale3 Abspack scaling algorithm. The low-
temperature structure was solved at 100 K by intrinsic phasing
using SHELXT and refined in SHELXL-97°° on two dominating
domains using hklf 5 refinement. The crystal structure has
been deposited in the CCDC data base with deposition number:
2114953. Table S1 (ESIf) gathers the most important crystal,
collection and refinement data.

2.4 Temperature-resolved second-harmonic generation
(TR-SHG) and SHG-on-SHG-off switching

Second-harmonic generation (SHG) studies were performed
using a laser system based on a Quantronix Integra-C regen-
erative amplifier providing 800 nm laser pulses of ~130 fs
length and operating at a repetition rate of 1 kHz. Prior to
measurements, the single crystals of DMAZn were crushed with
a spatula, fixed between microscope glass slides (forming
tightly packed layers) and sealed. The employed measurement
setup operates in the reflection mode. Specifically, the laser
beam was directed onto the sample at 45 degrees to the sample
surface and was unfocused. Emission collecting optics con-
sisted of a ©25.0 mm plano-convex lens of focal length 25.4 mm
(Thorlabs) mounted to a 400 um 0.22 NA glass optical fiber
(Ocean Optics) and was placed along the normal to the sample
surface. The distance between collection lens and the sample
was equal to 30 mm. No polarizer was put in front of the
collection lens. Scattered pumping radiation was suppressed
with the use of a 700 nm shortpass dielectric filter (FESH0700,
Thorlabs).

All emission spectra were recorded by an Ocean Optics
Flame T spectrograph (200 pm slit). Temperature control of
the sample was performed using the Linkam LTS420 Heating/
Freezing Stage. The TR-SHG study (from 173 K to 133 K for
cooling run, and from 133 K to 173 K for heating run with a
2-3 K step) was performed using an 800 nm laser beam of
0.42 W cm™ > power density. Temperature switching of SHG was
performed by setting the temperature at 145 K and 157 K in an
alternate manner, and at these temperature points the DMAZn
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sample was irradiated using the same beam parameters as
those used for the TR-SHG study.

2.5 Dielectric properties

The powdered sample of DMAZn_E was pressed between 5 mm
diameter discs under a hydraulic press (1 GPa). A pellet was
made since the obtained single crystals were not big enough
to perform direction-dependent dielectric measurements on
them. The dielectric properties at ambient pressure were
measured as a function of frequency and temperature using a
broadband impedance Novocontrol Alpha analyzer. The small
signal of an amplitude of 1 V was applied across the sample.
The dielectric measurements were carried out over a wide
frequency range (1 Hz-1 MHz) every 1 K over the temperature
range of 300 to 130 K. Measurements in an electric field were
performed by applying a constant external voltage of 40 V to the
investigated sample and measurements of broadband dielectric
spectroscopy were performed simultaneously. Dielectric
measurement was performed for the DMAZn_E sample. Addi-
tionally, for DMAZn and DMAZn_E samples, the measurements
were taken without and with the application of an external
electric field of 40 V (DMAZn40V and DMAZn_E40V).

2.6 Density functional theory (DFT) calculations

Structures used for computations were obtained from the
optimization of the positions of ions taken from the experi-
mental XRD structures. The structure optimization was per-
formed using the PAW?°?> method as implemented in the
VASP 5.4.4 package. PBE*? density functional with the addition
of Grimme D3(BJ) dispersion correction®* was used. As pre-
viously shown®” it is critical to properly describe the structure
of metal-organic frameworks (MOFs) and related materials.
A convergence test was performed to find the value of cutoff
energy (900 eV) and the k-point set. The calculations were
assumed to be converged when an increase of either energy
cutoff or number of k-points does not change the absolute value
of each element of the stress tensor by more than 0.1 GPa.
For the self-consistent cycle (electronic minimization) the
convergence criterion was set to 10~ ° eV and for geometry
optimization (ionic minimization, conjugate gradient algorithm)
to 1072 eV A~. Optimization was performed for both volume and
ionic position, without symmetry constraint. The dipole moment
of the DMA" cation was calculated using the following formula:

N
Hpma+ = Z(ﬂ?mmm + qiri),

i=1
where N denotes the number of atoms in the cation,
1°™ represents the atomic dipole moment for i-th atom, g; is
the partial charge of i-th atom, and r; = (x;, y; 2;) is the position of
i-th with respect to the position of center of mass of the cation.
Atomic dipole moments and partial charges were calculated using
the DDEC6 method,*® as implemented in the Chargemol pro-
gram. All visualizations of molecular and crystal structures were
generated with VESTA software.?”

This journal is © The Royal Society of Chemistry 2022
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2.7 SS-NEB

To calculate the minimum energy path (MEP) of the DMA"
cation rotation we used the solid-state nudge elastic band
method (SS-NEB)*® as implemented in Transition State Atomis-
tic Simulation Environment (TSASE), an extension of Atomistic
Simulation Environment (ASE).>® For SS-NEB optimization
we used FIRE algorithm,*® and force convergence was set to
10 " eVAT.

3. Results and discussion
3.1 Thermal properties

Characterization of the synthesized materials was started with
DSC analysis. It aimed at checking the purity of the synthesized
products and determining whether the application of an external
electric field during crystallization affects the thermal properties.
Therefore, DMAZn, DMAZn_E and DMAZnD materials were
examined calorimetrically between 130 and 270 K.

As presented in Fig. 1, similar thermograms were registered
for both DMAZn and DMAZn_E. They are characterized by a
single symmetrical heat anomaly with the onset at 164 K and
159 K upon heating and cooling, respectively. This outcome
largely mirrors that reported for non-deuterated DMAZn>%>"
and confirms the first-order nature of the phase transition.
Thus, one can state that an external electric field does not affect
crystallization, i.e., does not lead to the formation of another
polymorph. In other words, DMAZn and DMAZn_E are the
same materials in terms of thermal properties. In fact, this
conclusion is well supported by Fig. S1 (ESIt), which showcases
changes in the heat capacity (AC},) and entropy (AS) associated
with structural phase transition.

As can be seen, AS is of similar value for both materials, i.e.,
~4] mol ' K* (see Table 1). This parameter can be associated
with a number of distinguishable positions of the DMA" cation
in the ordered and disordered phases. Therefore, the entropy
difference can also be estimated from structural data using the
formula AS = RIn(N,/N;), where N; and N, are the numbers of

S | |Phasell Phase I
5
cooling
2
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g E _________________
£
—p
heating
[1 mW DMAZn
- = DMAZn E
% ) a2 DMAZnD
dT/dt = 5SK/min
150 175 200 225 250

Temperature (K)

Fig.1 DSC traces for DMAZn, DMAZn_E and DMAZnD between 130 K
and 270 K for the cooling and heating run.
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Table 1 Comparison of the phase transition properties of DMAZn,
DMAZn_E and DMAZnD

DMAZn DMAZn_E DMAZnD
Onset of T, (K) 159¢, 164" 159°, 164" 162, 169"
AC, Jmol 'K ) 222% 186% 277%
AS (J mol ™' K1) 4.3 4.0 4.4

Superscripts ¢ and h denote cooling and heating cycles, respectively and
av denotes average.

distinguishable positions of the DMA" cation. The N, parameter is
equal to 3, as each DMA' cation occupies three symmetry-
equivalent positions in the high-temperature phase. On the other
hand N; =1 because DMA" is believed to be structurally ordered at
low temperatures. Consequently, the entropy difference for the
studied samples is expected to be 9.1 ] mol * K . In turn, the
experimentally estimated value (AS ~4 J mol ' K ')"?! is
significantly smaller compared to the value predicted from the
structural order changes. This result suggests that the phase
transition is more complex than can be expected from the
3-fold order-disorder model.'”*!

Deuteration of the formate linkers slightly changes the
thermal properties (see Fig. 1). Namely, the phase transition
temperature onset is shifted towards higher temperatures for
DMAZnD (in line with previous reports'’), ie., 162 K upon
cooling and 169 K upon heating. However, first-order character
of the phase transition and its mechanism remain invariant.
The latter conclusion is evident when comparing the entropy
change which is also close to 4 J mol™* K (see Table 1).

3.2 Single-crystal X-ray diffraction

In order to understand the particularly complex behavior of
DMAZn, first, we provide some so-far reported structural infor-
mation on this hybrid compound and its chemically-related
analogues. Indeed, extant X-ray diffraction experiments provide
extensive body of data on the crystal architectures of
[(CH3),NH,|[M(HCOO);] (M: Zn, Mn, Co, and Ni) room-
temperature phases. According to the literature, all these
materials crystallize in a trigonal R3¢ centrosymmetric space
group at room temperature and possess a perovskite-like
structure.>***™* Octahedral coordination spheres of metal
atoms placed at the corners of distorted square blocks are
exclusively completed by formate oxygen atoms; furthermore,
neighboring atoms are connected via formate linkers (HCOO ™)
in an anti-anti configuration mode. The dynamics of DMA"
cations themselves is a critical factor shaping the phase behav-
ior of [(CHj),NH,][M(HCOO);] hybrids. Indeed, the DMA"
cations reside in the cavities and are anchored through
N-H---O hydrogen bonds to the metal-formate scaffold.
However, it is the relative weakness of these hydrogen bonds
that enables the amine molecules to easily rotate around a
3-fold axis (the axis led through carbon atoms of amine mole-
cule), which allows for flipping between three distinct, yet
symmetry equivalent positions. These motions are thermally
activated, the main consequence of which is that upon cooling
the hopping between the three sites is essentially blocked, and
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the DMA" is trapped in one of three positions allowed at
high temperature. It has been established that [(CHj),NH,]
[M(HCOO);] (M = Zn, Mn, Co, and Ni) compounds undergo a
phase transition, yet the structural determination of low-
temperature phases poses a challenge. The significant symmetry
reduction from R3¢ to the low symmetry phase is associated with
the emergence of ferroelastic domains (see Fig. S2, ESI{), con-
voluting the analysis of X-ray diffraction data. In this context it
comes as no surprise that the unambiguous crystal structure
model of low-temperature phase has been so far reported for
[(CH3),NH,][Mn(HCOO);] only.""** In this case the symmetry of
the low-temperature phase of this compound was reduced to the
monoclinic polar Cc space group, characterized by a minor
deformation of the metal-formate substructure and fully ordered
DMA" cations. Furthermore, during the course of extended
studies on phase transitions in metal-formates, including Mn
and Ni analogues with deuterated amines,” and doped®' and
pure Zn-formates,”> it emerged that the deformation of the
metal-formate scaffold below T. depends not only on sample
composition, but also on the sample’s thermal history and
treatment. The extent of the structure deformation has a
particular impact on the separation of Bragg diffraction peaks
from different domains. Usually, the deformations of the metal-
formate framework after phase transition were rather insignif-
icant so that the diffracted intensities showed pseudo-trigonal
symmetry and the structure could be refined in the paraelastic
trigonal R3¢ space group with R factors similar to those recorded
for high-temperature phases. The X-ray crystallographic data
presented here for DMAZnD, a deuterated analog of DMAZn,
display a different behavior ie. there is evident separation of
Bragg peaks pointing to its underlying low crystal symmetry.

Fig. 2 shows diffracted X-ray intensities recorded at 100 K for
the deuterated DMAZnD. It can be clearly seen that Bragg peaks
split into six different components originating from six ferro-
elastic domains, which can be explained only by a symmetry
reduction to the triclinic system.*® Several DMAZnD samples have
been examined for that property, and indeed, the splitting occurred
in either case below T.. Backed up by TR-SHG results, which show a
non-zero signal below T, (vide infra), we were confident to refine the
structure in the non-centrosymmetric P1 space group indexing the
unit cell in the primitive cell of the R3¢, with lattice parameters
a =8.1573(9) A, b = 8.1491(7) A, ¢ = 8.8244(10) A, « = 61.343 (10)°,
p = 62.557 (11)°, and y = 60.057(10)°. Taking into account that
the deuterated DMAZnD and non-deuterated DMAZn are consid-
ered as isomorphs, one can ascribe the P1 symmetry also to the
low-temperature phase in DMAZn (in contrast to previous reports
on this compound, in which the symmetry of the low-temperature
phase was considered as Cc). One can thus conclude that the low-
temperature phase behavior of dimethylammonium zinc formates
(deuterated and non-deuterated) differs from the picture known for
the Mn analogue. It is worth adding that similar symmetry
reduction from trigonal to triclinic has also been reported for
methylhydrazinium metal formates®” and mixed-valence iron(ii)-
iron(iii) metal formates.*®

The main difference between the monoclinic Cc and P1
models concerns the number of inequivalent crystal cavities
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temperature phase, at 100 K. The splitting of Bragg peaks can be clearly
observed.

and amines. Fig. 3 compares the placement and the bonding of
DMA" in both models, whereas Tables S2 and S3 (ESIt) present
the geometry of the hydrogen bonds. The atom numbering
scheme is shown in Fig. S3 (ESIt). In the Cc symmetry, each
cavity is the same, and each cavity adopts one, ordered amine
which is symmetry equivalent with all amines in the structure.
In the triclinic P1 symmetry, there are two crystallographically
distinct cavities and two inequivalent amines which interact
with the formate framework through hydrogen bonds of similar
strength. In the high-temperature phase of DMAZnD (trigonal,
R3c) all Zn-O distances are the same (2.104 A at 180 K), the

the

structure of
[(CH3),NH,IMn(HCOO)s, 100 K, the monoclinic Cc model taken from
ref. 43; and (b) [(CHz)>NH,]Zn(DCOO)s triclinic, P1. The inequivalent
nitrogen positions are marked by blue and fuchsia.

Fig. 3 The crystal low-temperature phase (a)

This journal is © The Royal Society of Chemistry 2022
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octahedral distortion parameter is equal to 0, and bond angle
1.9 deg.>” Symmetry lowering to the triclinic
system brings two inequivalent Zn positions with distorted
octahedral disposition. As all atoms sit on C; symmetry sites,
all Zn-O distances are inequivalent and range between
2.068(16) A and 2.139(15) A. Bond angle variance rises to 6.3
and 5.0 deg for both Zn1 and Zn2, respectively.

variance ¢ =

3.3 Temperature-resolved second-harmonic generation
(TR-SHG) and SHG-on-SHG-off switching

Metal-organic hybrid compounds which feature at least two
distinct temperature-dependent crystal phases, among which at
least one is noncentrosymmetric, have generated substantial inter-
est as prospective quadratic nonlinear optical switches.*'™**>%3
Bearing in mind that X-ray crystallography indicated structural
noncentrosymmetry of the low-temperature phase II of DMAZn,
we have sought to spectroscopically verify this property by means of
SHG measurements; based on this we have also aimed to assess
prospects for this material in quadratic NLO switching.

To this end, we have probed the presence of SHG activity
around the phase transition temperature 7. through irradiation
of the DMAZn microcrystalline powder with 800 nm femto-
second laser pulses in the 133-173 K range. Fig. S4, ESL¥
contains all obtained emission spectra, while Fig. 4a displays
integral intensities of SHG signals (Asug = 400 nm) plotted as a
function of temperature for cooling and heating cycles. It is
evident that cooling below 149 K leads to the formation of a
noncentrosymmetric phase, as can be judged from the increase
of the SHG activity below that temperature point. Conversely,
subsequent heating cycle leads to the abrupt decay of the SHG
response, which happens at about 153 K.
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Fig. 4 (a) Plots of integral intensity of the SHG signal of DMAZn for
heating and cooling cycles. (b) Plot of integral intensities of SHG signals
obtained during switching experiment between 157 K and 145 K.
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It should also be noted that the SHG temperature response
of the same pattern has been found for the Mn analogue,
[(CH;),NH,][Mn(HCOO);].** Overall, the obtained TR-SHG plot
demonstrates a well-shaped 8 K-wide hysteresis loop confirming
the postulated first-order character of the studied phase transi-
tion. Full reversibility of the phase transition and relatively narrow
temperature hysteresis are quintessential characteristics for SHG
switching functionality; nevertheless, to explore the switching
behavior more we have checked whether the phase transition
between the noncentrosymmetric and centrosymmetric phase is
reversible over a period of several cooling and heating cycles. This
was done in a separate SHG switching experiment in which the
temperature of the sample was toggled between boundary
temperatures of 145 K (SHG-on) and 157 K (SHG-off). A plot of
integral intensities of SHG signals is presented in Fig. 4b. It is
apparent that SHG maintains its activity for at least across 8
cooling-heating runs. Accordingly, one can conclude that DMAZn
features reversible SHG-on-SHG-off switching in the low tempera-
ture range. It should be noted that the present literature contains
a large set of quadratic NLO switches of the metal-organic
structure with varied switching temperatures.*>*~’

3.4 Dielectric properties

BDS experiments were performed on both DMAZn>' and
DMAZn_E samples. After the initial standard procedure of
dielectric spectra collection, a DC voltage of about 52 V mm ™"
was applied and the measurements were repeated for both
samples under the same frequency and temperature conditions.
In other words, DMAZn and DMAZn_E materials were measured
without and with an external high electric field on. Such a
procedure was selected since numerous experiments revealed
that a sufficiently high electric field may affect the dielectric
phenomena in a material, leading to a better understanding of
processes standing behind them. Collected &' and ¢’ spectra of
the complex dielectric permittivity ¢* = &'— i”, as well as
exemplary fitting procedures are presented in Fig. 5 and
Fig. S5 (ESIt). The spectra are highly similar for DMAZn and
DMAZn_E materials independent of the field conditions.
Therefore, further discussion is made on DMAZn_E measured
under a DC voltage of about 52 V. mm™". At first glance, a single
dipolar relaxation process is visible above T, (further named as
process I) in line with previous reports for DMAZn measured
with the DC electric field off.** The real part of dielectric
permittivity (¢') exhibits a smeared step-like feature which shifts
towards higher temperatures with increasing frequency. The
corresponding dielectric loss (¢”) curves show a bell-shape
anomaly (Fig. 5a). However, more in-depth analysis in the
frequency domain revealed a much more complex image than
previously expected and reported. As presented in Fig. 5b, the
dielectric anomalies at temperatures higher or equal to 188 K
can be well described with a single Havriliak-Negami (HN)
Ae
(1+ (iwr)*)
mula A¢ denotes dielectric increment, t is the so-called Havri-
liak-Negami relaxation time, ¢, is the high-frequency limit of

/ N/

fitting function: ¢(w) = ¢ —ie” = + éx- In this for-
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Fig. 5 (a) Dielectric permittivity as a function of temperature for the
selected frequencies (the color background represents a range of tem-
perature for the relaxation peaks.); fits of the complex permittivity using
Havriliak—Negami functions for DMAZn_E (b) for one-relaxation processes
in the high-temperature phase; and (c) for two relaxation processes in the
high-temperature phase. (d) Fits for three relaxation processes in the
pretransitional period. (e) Fitting for two relaxation processes in the low-
temperature phase. Dashed lines and areas represent the relaxation peaks
while the solid line represents the sum of the responses from all relaxation
processes. The arrows represent the combination of Havriliak—Negami
functions.

the dielectric permittivity and o and P are shape parameters.
Surprisingly, this situation changes below 188 K in the high-
temperature phase (Fig. 5c). Here, the dielectric anomalies
cannot be described satisfactorily with even the most general
single HN function. This feature gets steadily more apparent
when approaching T.. For example, a significant kink separated
by roughly 1 decade from the loss maximum characterizes the
loss spectrum at 174 K (see Fig. 5c). Consequently, two fitting
functions are needed for its description. This indicates that the
loss peaks below 188 K are a combination of two relaxation
processes (I and II) of different origins. The dielectric response of
DMAZn and DMAZn_E becomes more complex in the transient
region around T (i.e. 158-164 K), where the coexistence of two
phases is apparent (see Fig. S6, ESIT). The amplitude of the most
prominent relaxation process from the high-temperature phase
starts decreasing below 162 K. Eventually, it vanishes around
150 K and becomes substituted by two dipolar relaxation pro-
cesses. These relaxations dominate all low-temperature spectra
(i.e., below 150 K). Their traces were previously demonstrated
for single crystals.”® Therefore, it is reasonable to assume that
they are not related to any defect sites in the crystal lattice.
In other words, the DMA" cage cations are expected not to freeze
completely below the phase transition temperature. To get
a more in-depth insight into the dynamic nature of DMA" in
both low- and high-temperature phases, a temperature plot of
relaxation times was prepared and analyzed. Relaxation times,
Tmax, Were determined based on the fitting function adjustment
to the experimental spectra and were calculated from the
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formula: Ty = %{sin (2;:5_ 2)} * {sin (2;[1?2)} . Due to
the highly similar dielectric response of DMAZn and DMAZn_E
measured both with and without the dc field, the same fitting
procedure was used for each case. Namely, single, two, and three
term functions were used depending on the temperature region.
Loss peaks above 188 K were described using the most-general
single Havriliak-Negami formalism since their both low- and
high-frequency slopes are asymmetrically broadened (Fig. 5b). In
turn, two Cole-Cole (CC) functions (with the shape parameter
B = 1) were selected for dielectric spectra parametrization between
188 and 166 K (Fig. 5c). Two well-resolved low-temperature
processes characteristic for the low-temperature phase were
parametrized with two HN functions (Fig. 5e). Finally, the model
encompassing three fitting functions (two HN and one CC) was
used in the transient region (158-164 K) due to overlapping
relaxations from the low- and high-temperature phases (Fig. 5d).
Shape parameters of these functions were kept fixed and were
taken from the dielectric spectra analysis from other tempera-
ture ranges. As expected, similar temperature dependences
of Tmax, were obtained for DMAZn and DMAZn_E indepen-
dent of the field conditions. As presented in Fig. 6 for the
exemplary DMAZn_E measured with an applied dc field, they
are linear for all processes, allowing us to use the classical
Arrhenius law in a logarithm form for their characterization:

E,
log tmax = logto + ﬁlog e. In this formula E, and 7, denote the

activation energy and attempt time, respectively, and k is the
Boltzmann constant. The determined E, values for this material
are summarized in Table 2. As can be seen, they are similar to
the reference DMAZn measured under various electric field
conditions and DMAZn_E investigated without an external DC
field. For the most prominent high-temperature process I, E,
takes the value around 0.28 eV, in agreement with previous
reports on DMAZn. Therefore, its origin can be ascribed to
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Fig. 6 Relaxation map as a function of 1000/T for DMAZn_E (the linear
fits represent Arrhenius processes).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc00089j

Open Access Article. Published on 30 March 2022. Downloaded on 10/29/2025 5:41:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Tabulated values of activation energy for DMAZn
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E, (eV)
Compound I I 111 v
DMAZn (single crystal sample) 0.28%" — 0.20%° 0.29%°
DMAZn measurement 52 V mm " (pellet sample) 0.26 + 0.01 0.25 £ 0.01 0.23 £ 0.01 0.16 + 0.01
DMAZn_E (pellet sample) 0.27 £ 0.01 0.25 £ 0.01 0.24 £ 0.01 0.20 £ 0.01
DMAZn_E measurement 52 V mm " (pellet sample) 0.28 + 0.01 0.25 £ 0.01 0.23 £ 0.01 0.20 + 0.01

hopping of the DMA" cation between three symmetry-equivalent
positions as indicated in the literature.>*">**® Processes II
and III (which are visible as a kink in the high-temperature
spectra and well-resolved loss peak in low-temperature spectra,
respectively) are characterized by similar E, equal to 0.25
and 0.23 eV. Moreover, Fig. 6 suggests that process II is a
continuation of relaxation III. Such a situation may occur, e.g.,
due to formation of pretransitional clusters above the phase
transition temperature. In fact, this phenomenon was evidenced
by solid-state NMR studies'® on DMAZn but was never reported
in the dielectric response. According to the NMR experiments,
pretransitional clusters of the low-temperature phase start form-
ing below 210 K, i.e. the Burns temperature for DMAZn"%**>° in
agreement with our finding. Therefore, it is reasonable to
assume that processes II and III have the same origin. The last
low-temperature process IV was parametrized by Arrhenius law
with E, around 0.2 eV. It was postulated that at temperatures
below 156 K the rotation of the DMA" cation becomes frozen.
NMR measurements>* suggested that this behaviour is related to
the ordering of the NH, group. The character of the second
dipolar relaxation process, yet in the case of analogue compound
[(CH3),NH,][Co(HCOO);], was assigned to the CH; group rota-
tion. Recently, CH; group rotation was also suggested as
the source of dipolar relaxation in the low-temperature phase
of DMAZn."® The molecular dynamics of the DMA™ cations in
the cyano-bridged frameworks was investigated at low
temperatures.">>° Based on NMR results, two possible origins
of the movement have been proposed. The first model assumes
that the DMA" cation flips 180° around the C} axis. The second
approach describes the movement in the transitional phase,
where the observed spectral changes are attributed to
the oscillatory fluctuations.” The evidence for the explanation
of molecular dynamics was investigated by neutron scattering
experiments.” These results indicate that in the low-temperature
phase there exist the rotation of the methyl group around the C-N
bond and n-flips. Additionally, the proton nuclear magnetic
resonance results indicate molecular motion, the oscillation of
the N-CH; bonds around the axis of the electric dipole, or the
fluctuation of the NH, group around the C, axis.>® However, it is
worth formulating the question whether in the case of DMAZn the
methyl group rotation does really induce the change of dipole
moment high enough that could be visible in the dielectric
spectra? At present this hypothesis lacks both experimental and
theoretical verification. Thus, in order to resolve this ambiguity we
have performed electronic structure calculations of various struc-
tural scenarios that could (or could not) contribute to the observed
dielectric relaxation in the low temperature phase.

This journal is © The Royal Society of Chemistry 2022

3.5 DFT

Electronic structure calculations of DMAZn in different phases
were begun from the optimization of crystal structures. Atomic
coordinates obtained from diffraction data reported here and
elsewhere®® have been used as starting points. It should be
pointed out that for structures 1-4 tabulated in Table S4 (ESIt)
the crystallographic data contained fractional occupancies, i.e.,
there were multiple equivalent positions of the DMA" cation.
Accordingly, to make possible electronic structure computations
the fractional occupancies were brought to unity for each
individual amine molecule. The obtained set of unique, opti-
mized structures can be divided into two distinct subgroups
differing in their relative internal energies, with the most stable
structure being used as the reference: (1, 3, 4) and (2, 5, 6) -
approx. 4 and 0 k] mol™' per 2 Zn atoms, respectively. A
fundamental feature of the former, less stable subgroup is that
its members preserve their original crystal symmetries after
optimization. Conversely, the latter subgroup is more stable,
but the symmetry change takes place in each case. Specifically,
hexagonal structure 2 and monoclinic structure 6 both con-
verged to the triclinic P1 symmetry, while the triclinic structure
5 showed no symmetry experimentally. Structure 5 has also been
indicated as the most probable model based on the XRD data
and this is confirmed by its low relative energy. Structure 6 was
constructed based on the diffraction data reported for the low-
temperature analogue compound with manganese. One way to
assess whether the given structures are approximately the same
is to compare their powder XRD (PXRD) diffractograms. Indeed,
it turns out that PXRD traces (Fig. S7, ESIT) for structures 2, 5
and 6 are almost undistinguishable. This observation, together
with the analysis of the geometry of the system (both of the
framework and alignment of organic cation) and relative energies
brought us to the conclusion that geometry optimization con-
verges all three distinct experimental structures to almost the
same system. What is more, when the precision of determination
of unit cell parameters is reduced to 0.04 A all three optimized
structures are essentially indistinguishable. With a set of opti-
mized structures in hand we have moved to the computational
explanation of two (high and low frequency) relaxation processes
observed in the dielectric spectra of low-temperature phase of
DMAZn. To this end we explored few possible scenarios. We
attribute the high-frequency process to tilting of the DMA" cations
being the residual or the rotation around an axis passing through
two carbon atoms, as observed in the high-temperature phase
(T > T.). This specific process will be fully addressed in the
further part of this section, describing the energetics of the cation
rotation. First, we focus the discussion of the origin of the low-
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Fig. 7 Energy and dipole moment as a function of the rotation angle of
the methyl group.

frequency process. We have analysed rotation of the methyl
groups in DMA" following some previous literature reports.>®
For the analysis of the energy of this process, we performed SS-
NEB calculations of the stepwise rotation (20°) of the methyl
group up to 120°. It is important to note that calculations were
performed for the cation located inside the DMAZn voids, to fully
account for the impact of the real chemical environment. Fig. 7
(top) presents the MEP for the rotation of the methyl group. The
energy required to cross the rotation barrier for one methyl group
is equal to approx. 11.5 k] mol ' (i.e., 0.12 €V). This low energy
suggests that methyl group rotation could be thermally excited;
however, free energy analysis is required to evaluate the exact
temperature of activation. Fig. 7 (bottom) shows the change of the
directional components of dipole moment and its magnitude as a
function of the angle of rotation. In terms of absolute values, the
dipole moment change is basically insignificant (less than
0.02 a.u.). This low change of dipole moment value could not
be seen in dielectric spectra. Based on this, we rejected the
hypothesis that methyl group rotation is responsible for the
low-frequency relaxation process. Another considered scenario
that could be behind the two relaxation processes in the low-
temperature dielectric spectra is the presence of a clustering
effect. The clustering effect in this system could be observed after
the high-temperature to the low-temperature phase transition, in
which DMA" cations are frozen in two different orientations which
are not symmetrically equivalent (structure has no symmetry — P1
space group). Consequently, these two DMA" may experience
disparate local chemical environments. To check whether this
scenario is plausible, we have analyzed the chemical environment
of both cations and its energetic response to small distortions
(rotation). Fig. 8a and c present the distorted (rotated) cations.
Both cations were rotated in the same manner; however, for
clarity of presentation we show the visualization of rotation for
one, selected (upper face of unit cell) cation. In Fig. 8b one can
see the crystallographic orientation of both DMA' cations.
Again, we performed SS-NEB calculations with a, b and ¢
optimized structures as endpoints. From Fig. 8d it is obvious
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that individual dynamics of a given DMA" cation does not
influence the rotation energetics of an adjacent cation. It is
thus evident that both cations are equivalent in terms of
chemical environment and response to rotation, and minimum
energy paths between phases considered stable (or metastable)
are almost indistinguishable. This brings us to the conclusion
that that the low-frequency relaxation process cannot be
explained by a clustering effect of any kind.

To check other possible scenarios, we performed full analysis
of the rotation of arbitrarily selected DMA" cations (one of the
two present in the unit cell). To this end, we prepared eight
different structures by rotating the cation around the axis
passing through carbon atoms with increments of 45° (eight
rotations - 360°). We label the structures with numbers from 0 to
7, as listed in Table S5 (ESIT). After geometry optimization we
obtained 5 distinguishable structures — S0, S2, S3, S4 and S5
(Fig. 9, right panel). Structure SO is the same as the experimental
one, and is the most stable (based on relative energy - 0 k] mol
per 2 Zn). Structures S1 and S7 are converged to the same
geometry as SO whereas S6 is equivalent to S5, hence we
withdraw them from further discussion. Interestingly, structure
S3 resembles a previously discussed phase in which both cations
are aligned in an antiparallel fashion. It is a metastable
structure, and its relative energy is equal to 3.84 k] mol " per
2 Zn (comparable to structure 3 from Table S4, ESIt). The other
three structures were not observed experimentally; however, it is
possible for them to be excited by an electric field since the
rotation of the cation changes the direction of its dipole
moment. S2, S3 and S4 are distinguishable in simulated PXRDs
(Fig. 9, bottom left); nevertheless, the differences do not seem to
be significant. Interestingly, structures S1 and S5 exhibit a
similar PXRD pattern, as compared to structures 2, 5 and 6 from
Table S4 (ESIt). To fully confirm the existence of particular
phases, one would have to perform experimental PXRD analysis
with an applied electric field; however, this is beyond the scope
of the present study. The high-frequency relaxation process is

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 MEP of transition between stable and metastable DMA* configura-
tions obtained from geometry optimization (top left), corresponding PXRD
diffractograms (bottom left) and visualization of their structure (right).

attributed to the residual tilts associated with the high-
temperature process, i.e., cations are probing the potential
energy landscape as shown in Fig. 8. In turn, the low-
frequency process is attributed to the hopping between stable
and metastable positions, as presented in Fig. 9, top left.
Rotations of the DMA" cation naturally change the dipole
moment, and hence the process provides a dielectric response.
Significantly lower frequency results from the existence of energy
barriers between minima which must be crossed during rota-
tions which simply requires more time. We emphasize that there
can be many more minima which exist on the potential energy
surface of cation rotation; nonetheless, it would be almost
impossible to analyze all of them from the computational
perspective since structures like MOFs and other framework
materials in general show a very flat potential energy surface
with many possible metastable phases.

Conclusions

Based on these studies, we report a much more complex
behavior of DMAZn than that originally thought.

Firstly, calorimetric studies of the non-deuterated DMAZn
sample revealed a first-order phase transition with the onset at
167 K on heating and 156 K on cooling, in line with previous
studies. However, the related change of entropy (~4 J mol ' K ™)
is lower than the theoretical value (~9.1J mol~" K™'). This means
that the phase transition cannot be regarded as a simple order-
disorder transformation. The calorimetric studies proved also that
field-assisted crystallization does not change the properties of the
synthesized compound and does not lead to the formation of
other polymorphic forms. Similarly, deuteration of the formate
linkers does not affect the nature of mechanism of the phase
transition, leading only to a slight increase in the T, value.

Secondly, XRD measurements on the deuterated analogue
(DMAZnD) allowed observation of the splitting of Bragg peaks
in its low-temperature phase. This feature can only be
explained by symmetry reduction to the triclinic system in

This journal is © The Royal Society of Chemistry 2022
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the low-temperature phase, not monoclinic as previously
reported. A non-zero signal during second harmonic generation
measurements allowed us to assign the crystal structure of the
low-temperature phase of DMAZnD to triclinic P1 with two
symmetry independent DMA" cations. Such a structure of low-
temperature phase is also expected in non-deuterated DMAZn due
to previously-reported isomorphism with the DMAZnD analogue.
The presence of two independent dimethylammonium ions is in
line with molecular interpretation of cation dynamics inferred
from DFT results. It is worth emphasizing that the triclinic
symmetry of the low-temperature phase of DMAZnD contrasts
with what has been determined for its manganese analogue
[(CH;),NH,|[Mn(HCOO);], whose low-temperature phase was
modelled in the monoclinic Cc space group. The high-
temperature symmetry of DMAZn is determined as R3c, in agree-
ment with previous reports.

Temperature-resolved SHG measurements provided unequivocal
proof of an acentric structure of the DMAZn low temperature phase.
Hysteretic behavior of the temperature plot of SHG intensity
supported the first-order nature of phase transition. From the
application standpoint the capability of DMAZn to perform as a
nonlinear optical switch of the SHG-on-SHG-off kind has been
explored. Indeed, temperature cycling experiments demonstrated
that the intensity of SHG for the low-temperature acentric phase is
fully restored after one cooling-heating cycle as well as being stable
across 8 consecutive cycles.

Finally, the dielectric response of DMAZn was revealed to be
much more complex than originally thought. Namely, two dipolar
relaxations are detectable in the high-temperature phase below
188 K. Their loss peaks lie close to each other and thus are partially
overlapping. The dominant dielectric anomaly originates from
reorientations of DMA' cations between three symmetrically
equivalent positions. Its activation energy is roughly 0.28 eV. In
turn, the second, faster relaxation process of E, = 0.25 eV has a
continuation in the low-temperature phase. Most likely, it appears
due to the formation of pretransitional clusters above the phase
transition temperature. This feature confirms the complex char-
acter of the phase transition in DMAZn and may explain the
discrepancy between theoretical and experimental values of entropy
change around 7;.. We also report two relaxation anomalies in the
low-temperature phase. The low-frequency relaxation was pre-
viously attributed to methyl group rotations, but our DFT results
demonstrate that methyl group rotation does not induce a change
of the dipole moment high enough to be reflected in the dielectric
response. Analysis of various scenarios, such as the clustering
effect, have finally led us to the conclusion that the high-
frequency relaxation process can be attributed to the residual tilts
associated with the well-known high-temperature process i.e. rota-
tion of 120 degrees between three equivalent positions, whereas the
low-frequency process can be attributed to the hopping between
stable and metastable positions of the DMA" cation.
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