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ABSTRACT: Mesoscale particles ranging from 2.3 um down to 180 nm of dimethylammonium magnesium formate, DMMgF,
are generated, and characteristics of the known solid-solid phase transition, in which dimethylammonium ions residing in
cavities of the metal formate framework undergo an order-disorder transition, are investigated. Detected by powder X-ray
diffraction, the mesoscale particles undergo the same solid-solid phase change characterized for bulk samples, but calorime-
try measurements reveal the phase transition temperature decreases in the reduced size particles from 263 K for the bulk
materials to 251 K for the 180 nm particles, while the thermal hysteresis associated with the transition increases as the par-
ticles become smaller. Despite the solid-solid phase change, the mesoscale particles are too small to detect the pyroelectric
current observed for the bulk. Taken together, the changes with particle size point to the elastic framework distortion as the
determinant of the phase transition temperature in DMMgF. Synthetic challenges associated with the isolation of reduced
size particles, specifically the role of the kinetic product magnesium formate dihydrate, are described.

INTRODUCTION

Dimethylammonium metal formates (DMMF,
[(CH3):NH2]M(HCOO)3) were first reported in 1973,! alt-
hough interest in the DMMF family greatly accelerated
when examples of the lead-free ABXs type perovskites were
reported to be ferroelectric? and multiferroic.®> While sub-
sequent work has shown that examples of proper ferroelec-
tric behavior is limited within this family,%¢ with other
members more likely characterized as improper ferroelec-
trics,57 interest remains in the broader family of formate
perovskites because they are easily prepared®-1! and offer a
rich range of dielectric response, applications'?14 of which
often rely on high surface area material morphologies with
small length scales.15-17 The present study was undertaken
to better understand how changes in the surface to volume
ratio in DMMF particles change the dielectric response and
associated structural changes, and to learn about the driv-
ing forces behind the phase transition.

DMMPF’s consist of octahedrally coordinated divalent
metal ions bridged by formate, creating a ReOs-type frame-
work wherein dimethylammonium ions reside to maintain
charge balance.!8 The dimethylammonium ion is disordered
across three positions in which the cation hydrogen bonds
with the formate oxygen atom.!® The cation motion de-
creases when cooled leading to a disorder-order transition,
characterized by cooperative hydrogen bonding with alter-
ation of the metal-formate framework and spontaneous po-
larization across the material.281%20 Synthetic modularity
has been used to gain insight into the parameters affecting
the driving forces of the phase transition. Varying the metal

ion has led to differences in order-disorder transition tem-
perature from 160 - 270 K,238 although disentangling the
individual aspects that arise from changing the metal ion is
difficult. Differences in ionic bond character between the
metal and the formate anion can lead to differing electron
density around the oxygen atoms, which serve as hydrogen-
bond acceptors.? Varying ionic radii leads to differences in
ReOs-network cavity size, which had been proposed to play
an essential role in the phase transitions of zinc and magne-
sium analogues, DMZnF and DMMgF, and why no ordering
occurs in the cadmium formate, DMCdF.?! Void dimensions
also appear to play a role in the case of the Jahn-Teller dis-
torted DMCuF.122 Framework compressibility and flexibil-
ity are other factors that vary as a function of metal ion iden-
tity,23 yet the contributions they make to the order-disorder
transition temperature at ambient pressure have not been
completely elucidated.

Changes in alkylammonium cation also dramatically af-
fect the phase transition yet suffer similar limitations in
terms of disentangling multiple influences. Changing the in-
ternal alkylammonium cation can lead to inequivalent
structures due to the strong templating effect,?* and al-
kylammonium ions are likely inhomogeneously distributed
in mixed cation systems.?> The number and strength of hy-
drogen bonds directly correlate to the temperature at which
dynamic disorder sets in,?¢ and replacement of hydrogen at-
oms with deuterium often leads to increases in transition
temperature, as the deuterated hydrogen bond has greater
polarity.* When dimethylammonium cobalt formate
(DMCoF) is compared against its perdeutero counterpart
(pd-DMCoF, [(CD3)2ND2]Co(DCOO0)3), the paraelectric high-



temperature phase (HTP) is equivalent in the two analogues
atroom temperature. Upon cooling an order-disorder tran-
sition occurs at approximately the same temperature for
both DMCoF and pd-DMCoF, although the low-temperature
phase (LTP) of the two complexes differs. Furthermore, a
third phase above room temperature is present in pd-
DMCoF only. On the other hand, a negligible isotope effect
was detected in DMZnF when nitrogen-15 is used.?”

Although size effects are known to influence dielectric
transitions,162829 very little work has been reported explor-
ing reduced dimension particles of the alkylammonium
metal formate family. Surfactant mediated mesoscale par-
ticles of DMZnF and methylammonium nickel formate
(MANiF) have been generated as synthetic precursors ZnO
and NiS porous materials, respectively,3%3! although the
role of size reduction or the influence of the PVP passivating
layer on the order-disorder transition were not investi-
gated. Averback3? was able to synthesize micron and sub-
micron-sized particles of some ammonium metal formates,
AmMF, (M2* = Ni, Mn, Zn, Co). The structural phase transi-
tion appears to remain unchanged in AmNiF particles down
to 300 nm. Similarly, for micron-sized particles of AmMnF
no changes in transition temperature were detected. Ab-
hyankar et al.1% reported particle sets of the manganese an-
alogue, DMMnF, generated by microwave synthesis with the
smallest having a median edge length of 2 + 1 pm. The au-
thors noted a decrease in Curie temperature with decreas-
ing particle size, with no ferroelectricity detected in parti-
cles below 8 um. These observations were attributed to sur-
face depolarization effects, although accompanying changes
to the associated structural phase transition, if present,
were not reported.

The present work seeks to further develop the synthetic
means of achieving mesoscale particles without the need for
surface stabilizers. Working with [(CH3):NHz2]Mg(HCO0O0)3,
particles of 2.3 pm, 0.8 pm, 400 nm, and 200 nm were
achieved, the smallest particle size being an order of magni-
tude smaller than any other reported in the DMMF family.
The synthetic routes should complement other studies that
use these materials as synthetic precursors to metal ox-
ides,3! or studies on the influence of reduced particle size on
dielectric or magnetic properties.!® However, in addition,
we use this series to examine the structural aspects of the
order-disorder phase transition in DMMgF. Although at this
size regime spontaneous polarization is not detectable, the
metal-formate structural distortion is still present and
shows particle size dependence, implicating the framework
distortion as the determining factor of the order-disorder
transition temperature in this member of the DMMF series.

METHODS

Materials Preparation

Magnesium(II) chloride hexahydrate, 88% formic acid,
200-proof ethanol, and N,N-dimethylformamide (DMF)
were all purchased from Fisher Scientific; 40% dimethyla-
mine solution in water and 98% 1-octyl-2-pyrrolidone were
purchased from MilliporeSigma. All reagents were used
without further purification.

[(CH3):NHz]Mg(HCO0O)3 bulk crystals (1-B). Samples
were synthesized using a method described by Jain et al.3 In
atypical experiment, MgClz-6H20 (1.917 mmol; 83 mM) was
dissolved in a 23 mL 1:1 (v/v) mixture of water and DMF.
The solution was sealed in a glass pressure vessel and
heated to 140°C for three days under autogenous pressure.
After being air-cooled to room temperature, the superna-
tant solution was decanted and crystallized through the
slow evaporation of the solvent. After one week, the crys-
tals were filtered and washed with ethanol. Colorless cube-
shaped crystals were obtained. IR(KBr): (vNH2) Lit. =2796
cml, Exp. =2800 cm?; (s, vHCOO-) Lit. = 1612 cm'%, Exp. =
1608 cm-1; (VCNC) Lit. =1026 cm?, Exp. = 1026 cm .21 TGA,
Anal. Calcd: 44.6% loss ~460 K. Found: 44.4% loss PXRD:
(012) Lit. = 14.8°, Exp. = 14.7° (-123) Lit. = 24.8° Exp. =
24.8° (-135) Lit. =39.2°, Exp. =39.1°.33

[(CH3):NH:]Mg(HCOO)3  particles (1-2.3 pm).
Mesoscale particles with an average size of 2.3 um # 0.4 um
were synthesized via direct addition of precursors. A 13 mL
solution of 0.2168 g MgCl2-6H20 (1.07 mmol; 82.0 mM) in
200-proof ethanol was prepared. A second solution of 7 mL
of ethanol with 135.2 pL 88% formic acid and 422 pL 40%
aqueous dimethylamine solution was also prepared. The
formic acid/dimethylamine solution was then directly
added to the magnesium solution under magnetic stirring
and capped. The solution was allowed to mature for 4 hours
and then the suspended product was pipetted off. The solid
was collected via centrifugation conducted at 9,400 RCF for
10 minutes. The particles were gently resuspended and
washed twice with 40 mL DMF. Samples were dried under
vacuum for 4 hours and then immediately used for calorim-
etry experiments. White crystalline powder (63% yield)
IR(KBr): (VNHz) Lit. = 2796 cm™, Exp. = 2798 cm'}; (s, vH-
CO0’) Lit. =1612 cm, Exp. = 1608 cm'!; (vCNC) Lit. =1026
cml, Exp. =1026 cm™.21 TGA, Anal. Calcd: 44.6% loss ~460
K. Found: 43.5% loss. PXRD: (012) Lit. = 14.8°, Exp. =
14.7°; (-123) Lit. = 24.8°, Exp. = 24.7°; (-135) Lit. =39.2°,
Exp. =39.1°33

[(CH3):NH2]Mg(HCO0O)s3 particles (1-0.8 pm). The 770
+ 190 nm sample was synthesized in a similar matter to 1-
2.3 um with a few exceptions: cold solvent was used during
the mixing; the solution was allowed to warm up to room
temperature naturally during the crystallization process;
the reaction was scaled up by 7.5 times, and maturation
time was extended to 17 hours. Most importantly, the sam-
ple was size selected for particles of a narrow size regime
via differential centrifugation, resulting in a lower yield.
Differential pelleting was applied to remove particles that
pelleted under 625 RCF for 10 minutes twice and to remove
particles that remained in suspension under 1000 RCF for
10 minutes twice. After each differential separation step,
samples were redispersed in DMF and sonicated for 1 mi-
nute. White crystalline powder (4% yield). IR(KBr): (vNHz)
Lit. =2796 cm’t, Exp. = 2798 cm%; (s, vHCOO-) Lit. = 1612
cml, Exp. =1609 cm1; (VCNC) Lit. =1026 cm1, Exp. = 1026
cm .21 TGA, Anal. Calcd: 44.6% loss ~460 K. Found: 44.4%
loss. PXRD: (012) Lit. = 14.8°, Exp. = 14.8% (-123) Lit. =
24.8° Exp. = 24.8°% (-135) Lit. =39.2°, Exp. = 39.2°.33

[(CH3):NH2]Mg(HCO0O)s3 particles (1-0.4 um). Particles
with an average size of 380 + 180 nm were synthesized via



direct addition of precursors. A 13 mL solution of 0.2168 g
MgCl2-6H20 (1.07 mmol; 82.0 mM) in DMF was prepared. A
second solution of 7 mL of DMF with 135.2 pL 88% formic
acid and 337.6 puL 40% aqueous dimethylamine solution
was also prepared. The formic acid/dimethylamine solu-
tion was then directly added to the magnesium solution un-
der magnetic stirring and capped. The solution was allowed
to mature for 75 minutes, and then the suspended product
was pipetted off. The solid was collected via centrifugation
conducted at 9,400 RCF for 10 minutes. The particles were
gently resuspended and washed twice with 40 mL DMF.
Samples were dried under vacuum for 4 hours and then im-
mediately used for calorimetry experiments. White crystal-
line powder (60.% yield). IR(KBr): (vNHz) Lit. =2796 cm-,
Exp. =2796 cm'; (s, vHCOO) Lit. =1612 cm’L, Exp. = 1608
cm!; (vVENC) Lit. =1026 cm!, Exp. =1026 cm™1.21 TGA, Anal.
Calcd: 44.6% loss ~460 K. Found: 43.6% loss. PXRD: (012)
Lit. = 14.8° Exp. = 14.7°%; (-123) Lit. = 24.8°, Exp. = 24.8%
(-135) Lit. = 39.2° Exp. =39.1°.33

[(CH3)2NHz2]Mg(HCO0O)s particles (1-0.2 pm). The 180
+ 40 nm sample was synthesized in a similar matter to 1-
0.4 pm with the following modifications: the reaction was
scaled up by 7.5 times and maturation time was extended to
17 hours. Most importantly, the sample was size selected
for particles of a narrow size regime via differential centrif-
ugation, resulting in alower yield. Differential pelleting was
applied to remove particles that pelleted under 500 RCF for
10 minutes twice and to remove particles that remained in
suspension under 875 RCF for 10 minutes twice. After each
differential separation step, samples were redispersed in
DMF and sonicated for 1 minute. White crystalline powder
(11%yield). IR(KBr): (vNHz) Lit. =2796 cm%, Exp. = 2798
cm; (s, vHCOO") Lit. = 1612 cm, Exp. = 1610 cm’; (vVCNC)
Lit. = 1026 cm™, Exp. = 1026 cm'.2! TGA, Anal. Calcd:
44.6% loss ~460 K. Found: 44.5% loss. PXRD: (012) Lit. =
14.8°, Exp. = 14.8°% (-123) Lit. = 24.8°, Exp. = 24.8°; (-135)
Lit. = 39.2° Exp. =39.1°.33

Aliquots of [(CH3):NH2]Mg(HCO0O0)3 /
Mg(HCO00)z(Hz0): mixed crystalline powder (1’), taken
while monitoring the reaction progress. Employing the di-
rect addition of precursors, a 13 mL solution of 0.2168 g
MgCl2-6H20 (1.07 mmol; 82.0 mM) in 200-proof ethanol
was prepared. A second solution of 7 mL of ethanol with
135.2 pL 88% formic acid and 380 uL 40% aqueous dime-
thylamine solution was also prepared. The formic acid/di-
methylamine solution was then directly added to the mag-
nesium solution under magnetic stirring and capped. The
solution was allowed to mature, pipetting off aliquots of the
suspended product at 60 minutes, 80 minutes, 120 minutes,
5 hours, and 8 hours. Product was collected via centrifuga-
tion conducted at 9,400 RCF for 10 minutes. The particles
were gently resuspended and washed once with 10 mL
EtOH. Samples were dried overnight and then under vac-
uum two hours prior to thermal analysis.

(1’ - 60 min). White Crystalline Powder. IR(KBr): (vOH)
Lit. =3380 cm™, Exp. = 3386 cm'}; (s, vHCOO") Lit. = 1600
cm?, Exp. =1603 cmt; (8CH) Lit. = 1393 cm, Exp. = 1395
cm134 TGA, Anal. Calcd: 24.0% loss ~420 K. Found: 24.6%
loss.33 PXRD: (-1-11) Lit. =18.0°, Exp. = 18.0°% (112) Lit. =
26.2° Exp. = 26.2°% (113) Lit. = 34.4°, Exp. = 34.5°.33

(1’ - 80 min). White Crystalline Powder. IR(KBr): (vOH)
Lit. =3380 cm, Exp. = 3389 cm%; (s, vHCOO) Lit. = 1600
cm?, Exp. =1603 cm?; (8CH) Lit. = 1393 cm't, Exp. = 1398
cm .34 TGA, Anal. Calcd: 24.0% loss ~420 K. Found: 13.6%
loss.33 PXRD: (-1-11) Lit. = 18.0°, Exp. = 18.2% (112) Lit. =
26.2° Exp. = 26.4°% (113) Lit. = 34.4° Exp. = 34.7°.33

(1’ - 120 min). White crystalline powder. IR(KBr):
(vNH2) Lit. = 2796 cmt, Exp. = 2798 cm'?; (s, vHCOO") Lit.
=1612 cmL, Exp. =1607 cm'%; (vCNC) Lit. = 1026 cm™?, Exp.
=1026 cm1.21 TGA, Anal. Calcd: 44.6% loss ~460 K. Found:
35.2% loss.33 PXRD: (012) Lit. = 14.8°, Exp. = 14.8% (-123)
Lit. =24.8° Exp. = 24.8° (-135) Lit. =39.2°, Exp. =39.2°.33

(1’ - 5 hrs). White crystalline powder. IR(KBr): (vNHz)
Lit. =2796 cm, Exp. = 2799 cm}; (s, vHCOO-) Lit. = 1612
cm L, Exp. =1607 cm1; (VCNC) Lit. =1026 cm1, Exp. = 1026
cm .21 TGA, Anal. Calcd: 44.6% loss ~460 K. Found: 40.4%
loss.33 PXRD: (012) Lit. = 14.8°, Exp. = 14.8° (-123) Lit. =
24.8° Exp. =24.8% (-135) Lit. =39.2°, Exp. = 39.2°.33

(1’ - 8 hrs). White crystalline powder. IR(KBr): (vNHz)
Lit. =2796 cm, Exp. = 2798 cm%; (s, vHCOO-) Lit. = 1612
cm't, Exp. =1607 cm1; (vCNC) Lit. =1026 cm1, Exp. =1026
cm .21 TGA, Anal. Calcd: 44.6% loss ~460 K. Found: 41.2%
loss.33 PXRD: (012) Lit. = 14.8°, Exp. = 14.9°% (-123) Lit. =
24.8° Exp. = 25.0°% (-135) Lit. =39.2°, Exp. = 39.3°.33

Characterization Methods

Transmission electron microscopy (TEM) was performed
using a Hitachi H-7000 equipped with a Veleta (2 k X 2k)
CCD side mount camera operated at 100 kV. Samples were
prepared by adding dropwise 40 pL of the product resus-
pended in 20 mL DMF solution that had been treated with
40 pL of 1-octyl-2-pyrrolidone to help prevent the aggrega-
tion or fusion of particles upon drying. The grids were 400-
mesh copper with a carbon support film from Ted-Pella, Inc.
Grids were allowed to dry in air overnight, then vacuum-
dried for a minimum of two hours. Particle size was meas-
ured for 75-300 particles from various areas on the sample
grid using Image] imaging software.3> Scanning electron
microscopy (SEM) was performed on FEI Nova NanoSEM
430 operated at 15 kV. Samples were ground, affixed to the
mounting peg using carbon tape, and coated with ~10 nm
of Au-Pd before image collection. Particle size was meas-
ured for approximately 100 particles using Image] imaging
software from various areas on the sample grid.3> When de-
termining particle sizes with TEM or SEM, 1-2.3 pm and 1-
0.8 um were cubic, so the edge length was measured and
reported, whereas 1-0.4 um and 1-0.2 pm have ill-defined
shapes, so the particle length was approximated by using
the square root of the measured particle area.

Differential Scanning Calorimetry (DSC) was performed
on a TA Instruments Q1000 calorimeter using hermetic alu-
minum pans purged under helium gas at 25 mL/min. Ap-
proximately 3 mg of freshly dried sample was weighed on
an analytical balance immediately after the 4-hour drying.
The sample was then loaded into the pan, the pan was
crimped and introduced using an automated sample loader.
Data were collected at 2 K/min and 10 K/min. The transi-
tion temperature was determined by finding the midway
point between the endothermic and exothermic peak max-
ima. The thermal hysteresis was determined by finding the



difference between the endothermic and exothermic peak
maxima.

Thermal gravimetric analysis (TGA) was performed on a
Perkin-Elmer TGA 7 Thermogravimetric analyzer at a heat-
ing rate of 5 K/min under nitrogen purge flow at 10
mL/min. Ambient Powder X-ray diffraction (PXRD) meas-
urements were carried out on a Panalytical X'Pert Powder
diffractometer using CuKa radiation (A = 1.54056 A).
Ground samples of approximately 20 mg were mounted on
a glass slide with double-sided tape and placed on a flat
sample support. Fourier transform infrared (FTIR) spec-
troscopy was performed with a Nicolet 6700 Thermo Scien-
tific spectrophotometer. The spectral window was between
4000 cm and 400 cm! and samples were prepared by
grinding about 1 mg of sample into 300 mg of dry KBr.

Variable Temperature Powder X-ray diffraction (VT-
PXRD) measurements were carried out on a Bruker DUO
diffractometer. An IuS power source with multi-layered
mirror optics provided Cu Ka radiation (A = 1.54178 A),
which was detected by an APEXII CCD area detector (1024
x 1024 detection format). The samples were loaded into a
0.3 mm (ID) thin-walled boron enriched capillaries from the
Charles Supper Company and placed 150 mm away from the
detector. Diffraction patterns were collected at 300 K and
100 K between 5 and 60° 26.

Dielectric measurements were performed on a powder
pellet. The pellet was formed through drying and was not
pressed. A silver paint with n-butylacetate was applied to
two flat opposite sides of the pellet to the geometry of a par-
allel plate capacitor. An Andeen-Hagerling AH2700A ca-
pacitance bridge was employed at frequencies ranging from
0.1-20 kHz. The dielectric constant was then obtained from
the capacitance measurement and pellet geometry.

The polarization was obtained by integrating the pyroe-
lectric current with respect to time. For the pyroelectric cur-
rent measurement, the sample was first cooled down
through the transition temperature under electric field.
Then the electric field was removed, and the transient cur-
rent was measured with a Keithley 6517 electrometer upon
warming.

RESULTS

Synthesis of Small Particles

Size and Shape. Four sets of mesoscale particles of 1 with
different sizes were prepared via the direct addition of pre-
cursors, Figure 1. The particle sizes of the sets range from
2.3+ 0.4 um down to 180 + 40 nm, as summarized in Table
1, and the four separate samples will be referred to through-
out the manuscript by their average particle size, 1-2.3 pm,
1-0.8 pm, 1-0.4 pm and 1-0.2 pm. Particles were meas-
ured using SEM, and histograms of the particle size meas-
urements are provided in Figure S1. The larger particles
have the characteristic cubic shape, 23810.30-3336 while parti-
cles sets 1-0.4 pm and 1-0.2 pm are less regular.

Figure 1. SEM images of particles from samples 1-2.3 pm, 1-
0.8 pm, 1-0.4 pm, 1-0.2 pm.

Method of Synthesis. Although dimethylammonium
metal formates are typically prepared beginning with sol-
vothermal generation of formic acid and dimethylamine,’2
the direct addition of precursors affords better control of
synthetic parameters. Additionally, thermally generated
impurities created during the solvothermal process3” can be
avoided. The reagent concentrations reported by Pato-
Doldan et al.838 for the solvent layering synthesis of 1 pro-

Table 1. Transition temperatures,? thermal hysteresis,’ and transition enthalpy and entropy* as measured by DSC.4

Size Sample Tc (K)

Bulk Theoretical®

Bulk Asaji et al.38 263

Bulk 1-B 263.4
2.3+0.4 pm 1-2.3 pm 259.9+0.1
770190 nm 1-0.8 pm 258.4
380+180 nm 1-0.4 pm 251.5+0.1
180+40 nm 1-0.2 pm 251.0

Hysteresis (K) AH (k] /mol) AS (] mol* K1)
2.44 9.13
2.7%0.2 10+1
5.5 2.82 10.59
8.4+0.6 2.20+0.06 8.34+0.25
15.6 1.55 5.82
13.0+1.1 1.09+0.03 4.23+0.12
18.5 1.02 3.92

aThe transition temperature, T¢, is defined as the halfway point between the endothermic and exothermic peak maxima.
bThe hysteresis is the difference between the endothermic and exothermic peak maxima.

cEnthalpy and entropy were measured for the endothermic peak maxima.

dAll values use a ramp rate of 10 K/min, including data from Asaji et al.38 and Pato-Doldan et al.8
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Figure 2. FTIR (A) and PXRD (B) monitoring the reaction pro-
gress during the synthesis of DMMgF sample 1’ described in the
Experimental Section, with aliquots collected at maturation
times of 60 minutes, 80 minutes, and 120 minutes. In A, the
symmetric carboxylate bending mode is followed. The peak at
807 cm-1, characteristic of DMMgF,21 emerges while the peak at
761 cm-1, characteristic of MgFDH,34 recedes. In B, reflections
at 14.8°(012), 20.1° (-114), and 21.8 (-120) emerge over time
and are characteristic of DMMgF,33 while the receding reflec-
tions at 15.6° (011), 18.0° (-1-11),19.1° (002), 19.5 (111), 20.4
(-102), and 20.7 (200) are characteristic of MgFDH.33

vided the starting point for the particle syntheses reported
here. Although surfactants are sometimes used to isolate
discrete particles of the formate networks,3° they were not
used in the present work to avoid their impact on solid-state
properties, which at the mesoscale can be altered by surface
modification,3°45 and with an eye toward further work in-
corporating the particles into heterostructures.

Metal formate kinetic products,'%3237 in the present case
magnesium formate dihydrate, MgFDH, complicate tradi-
tional approaches for isolating small particles of 1 and other
metal formate perovskites. For example, attempts to form
small particles by forcing rapid precipitation early in the
growth process results in significant levels of the MgFDH
side product, as discussed further, below. In general, the
mesoscale particles of 1 were achieved by determining ad-
equate maturation time to consume the initially formed
MgFDH while minimizing ripening of the product by har-
vesting samples as soon as fully mature. Chemical varia-
tions, including reducing water content, also limited side
products and different synthetic conditions helped target
different particle sizes. Larger micron-sized particles were
isolated when using ethanol as the solvent, while particles
in the hundreds of nanometers were achieved in N,N-dime-
thylformamide (DMF) when reducing the amount of excess
dimethylamine.

Minimizing Metal Formate Dihydrate. The presence of
metal formate dihydrates, M(HCO0)2(H20)2 (MFDH), as side
products is common during synthesis of the formate perov-
skites, for example appearing in reports on dimethylammo-
nium cobalt formate3” and dimethylammonium manganese
formate,'® as well as during the synthesis of ammonium
nickel formate.3? Generally, strategies to grow small inor-
ganic particles typically involve rapid formation of multiple
crystallite nuclei and abbreviated maturation times, but
there are limitations to prematurely terminating particle
growth in the present system As seen in Figures 2 and S4,
the relative intensities of IR signatures of 1 and MgFDH de-
pend on maturation time and sample handling. TGA (Figure
S5) is the preferred method to quantify the MgFDH content
of products, and Figure 3a shows samples harvested soon
after precipitation consisted of MgFDH, but as reactions
progressed, the signals representative of 1 begin to pre-
dominate, eventually reaching an equilibrium. The rate3237
and overall completeness of the transformation depends on
several factors, including solvent and the reagent ratio, as
shown in Figure 3b. The conversion from MgFDH to 1 in the
reactions reported here occurs in hours to days.

[(CH3),NH,]Mg(HCOO),

< 100f ' 1o =
£ o s
S 8} A {/* 120 5
2 ol / Solv. [FA]:[DMA] |, &
S ——DMF 10:8 S
g 40t ~—o-DMF 10:9 160 Z
ju —m—EtOH 10:9 o,
@ 200 | e gon 10:10 1% 2
s ol —A—EtOH 10:11 11002

0.0 3 6 9
Time in Solution (Hours) Mg(HC0O0),(H,0),
[(CH3);NH,]Mg(HCOO),

§100-.3,WDJ/<>—,'7/A o =
L s0f B / ] {20 &
s y 3
3 60l {40 &
5 : S
5 40} - 160 z
A 3
T 20} 180 ¢
o .. —_
S of =t {100

0.0 0.5 1.0 1.5 2.0 245 25
Time in Solution (Hours) Mg(HC0O0),(H,0),

Figure 3. Mole fraction of DMMgF and or MgFDH relative to
the mixed product as a function of maturation time for different
synthetic conditions. (A) Monitoring the reaction of sample 1’,
described in the experimental section. (B) Monitoring different
synthetic conditions. The relative amounts of MgFDH and
DMMgF were determined by thermogravimetric analysis per-
formed at a heating rate of 5 K/min under nitrogen purge flow
at 10 mL/min.

Limiting Polydispersity. Generally, synthetic attempts
in the absence of surfactants led to polydisperse samples,
requiring differential centrifugation to reduce the particle
size dispersion.!® Sample sets 1-0.8 pm and 1-0.2 pm were



isolated in this way, greatly reducing the product yield. On
the other hand, the 1-2.3 pm and 1-0.4 pm sample sets did
not require post-synthetic size selection. By adjusting the
concentrations of the dimethylamine reagent relative to the
metal ion and formic acid, narrower size dispersions could
be achieved. The larger particles, 1-2.3 pm, were achieved
using ethanol as the crystallization solvent, allowing the
particles to mature for a longer time, and having an equiva-
lent concentration of dimethylamine and formic acid.
Smaller particles, 1-0.4 pm, were achieved using DMF as
the crystallization solvent, having shorter maturation time,
and reducing the excess dimethylamine used in the synthe-
sis. The 1-0.8 pm and 1-0.2 pm particle sizes were achieved
with the synthetic procedures of 1-2.3 pm and 1-0.4 pm,
respectively, and extending the maturation time to allow for
Ostwald ripening to give a more polydisperse sample set.
The target particle sizes were then selectively harvested
from the polydisperse sample set via differential centrifuga-
tion.

Investigations into Size Effects on the Order-disorder
Transitions

Dielectric and Polarization Measurements. The dielec-
tric response of particle samples 1-0.8 pm and 1-0.2 pm
are compared to that of the bulk crystals, referred to as 1-B
in Figure 4. For each sample there is a clear transition in the

vicinity of 260 K, which for the bulk corresponds to the or-
der-disorder phase transition, although the transition tem-
perature decreases slightly for the mesoscale particles. The
inflection point of the warming curve occurs at 264 K in 1-
B, while it occurs at 258 K and 248 K for 1-0.8 pm and 1-
0.2 pm, respectively. The onset of the transition is also
more gradual in the particles compared to the response of
the bulk sample, attributable to the polydispersity and as-
sociated variable coherence length inherent to particle sam-
ples.#¢ Below the transition onset the signal is characterized
by a broad frequency-dependent response between 150
and 250 K, previously observed for 1.78 A similar response
is retained in the particle samples. The frequency depend-
ence of the imaginary dielectric permittivity can be used to
determine the activation energy of the dipolar process, as
seen in Figure S6. The activation energy for the bulk sample
is slightly larger than that of the reduced particle samples,
however all the measurements have a value of about 300
meV, in line with previous estimates.*’

The polarization of 1-B was confirmed below 260 K in a
pyroelectric measurement, Figure S7 and Figure S8. On the
other hand, no pyroelectric effect was detected for the par-
ticle samples 1-0.8 pm and 1-0.2 pm, indicating either the
polarization is too weak to detect or is absent. The absence
of polarization would be consistent with the earlier study of
Abhyankar et al.1? on size reduced
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Figure 5. VT-PXRD patterns for (A) 1-2.3 pm and (B) 1-0.4
pm. Patterns collected at 300 K (red) are consistent with the
paraelectric HTP of 1, while the patterns collected at 100 K
(blue) are consistent with the known LTP.8 Peak assignments
are tabulated in the SI.

particles of DMMnF, which concluded ferroelectricity was
suppressed at particle sizes below 8 um.

The similarity of the phase transition seen in the vicinity
of 260 K for the bulk as well as particle samples was con-
firmed using powder X-ray diffraction of 1-B, 1-2.3 pum and
1-0.4 pm, above the transition temperature at 300 K and
below at 100 K, Figure 5. The high-temperature patterns
can be indexed to the R-3c space group of the reported high-
temperature structure, and symmetry lowering, consistent
with the known order-disorder transition of 1, is observed
at 100 K for all samples.82%33 While the structure of the low-
temperature phase has not been solved for 1, Pato-Doldan
et al have attributed the LTP to the non-centrosymmetric
space group, Cc,® with C2/c also a possible assignment,* the
PXRD study demonstrates the mesoscale particles 1-2.3 pm
and 1-0.4 pm undergo the same structural transition as the
bulk material.

DSC Measurements of the Phase Transition. The die-
lectric measurements show a lowering of the phase transi-
tion temperature as particles become smaller and this effect
was interrogated further with differential scanning calorim-
etry (DSC), Figure 6, Figure S9, and Figure S10. The T¢, de-
fined as the halfway point between the endothermic and ex-
othermic peak maxima, for 1-B is 263 K, consistent with
earlier reports.3® For the particle samples, Tc continuously
decreases as the particles get smaller, observed at 260 K for
1-2.3 pm, 258 K for 1-0.8 um, 252 for 1-0.4 um and 251 K
for 1-0.2 pm.

The enthalpy of the phase transition is also influenced by
particle size, Table 1 and Figure S10. A value of AH = 2.8
kJ/mol was measured for 1-B, effectively reproducing the
value of 2.7 k] /mol reported by Asaji et al.3® For 1-2.3 pm,
the enthalpy is slightly suppressed, having a value of 2.2
kJ/mol. As the particles become smaller, the enthalpy is fur-
ther suppressed to 1.6 k] /mol for 1-0.8 pm, 1.1 kJ/mol for
1-0.4 pm and 1.0 kJ/mol for 1-0.2 pm. A clear trend of de-
creasing enthalpy with decreasing particle size was ob-
served, which can be attributed to the increased contribu-
tion of a disordered surface.*-5¢ Changes with particle size

are also apparent in the thermal hysteresis of the phase
transition in DSC, Figure 6. The bulk crystals 1-B had the
smallest hysteresis of 5 K, which increased to 19 K for 1-0.2
pum when measured at a scan rate of 10 K/min. This trend
was also seen at slower scan rates in Figure S9.

DISCUSSION

The lack of pyroelectric current in the submicron DMMgF
particles is consistent with studies on the manganese ana-
logue, DMMnF, by Abhyankar et al.1® These authors pre-
pared particles as small as 2 pm and reported the spontane-
ous polarization was suppressed as particle size decreased
below the estimated domain wall thickness of 10 um in the
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Figure 6. DSC curves for samples of DMMgF: (A) 1-B (B) 1-0.8
pm and (C) 1-0.2 pm. The ramp rate is 10 K/min. Thermody-
namic data derived from the scans appears in Table 1.

metal-organic perovskites.!® Although polarization was
measured in the bulk sample of 1-B, all the particle samples
prepared here are also well below the critical size antici-
pated to support spontaneous polarization. At the same
time, while pyroelectricity is lost in the small particles, the
structural phase change associated with the order-disorder
transition in DMMgF is still present. Therefore, the particle
size study sheds some light on the driving force for the
phase change associated with the dielectric response of the
bulk materials.



The change in transition temperature with particle size
signals a change in the thermodynamic barrier, attributable
to changing surface contribution to the total energy as the
surface to volume ratio changes. The lowering of the tran-
sition temperature indicates stabilization of the high-vol-
ume high-temperature phase in smaller particles, behavior
that is frequently seen in network solids, suggesting the
high volume phase experiences lower surface energy.5758
Changes in AH of the transition, decreasing at smaller parti-
cle size, is also attributable to the enhanced surface contri-
bution.>® The thermal hysteresis seen in the DSC reflects the
kinetic barrier and, for solid-solid phase transitions, the
barrier is primarily elastic in nature, reflecting cooperative
changes in framework bond lengths and bond angles.®® For
the particle samples, the hysteresis increases at smaller size
reflecting an increase in the elastic barrier. First-order
solid-solid phase transitions nucleate at defects, and it has
been shown that as particles become smaller the number of
nucleation sites decreases, increasing the kinetic barrier.6!
In the size regimes studied here, the thermal hysteresis in
the DSC, measured at 2 K/min, changes from 2.75 K in the
bulk sample to 18.5 K for the 180 nm particles, consistent
with expectations. The maximum barrier is expected for the
largest particle size containing a single nucleation site.®!
Below this, the elastic barrier decreases toward the molec-
ular limit. As the hysteresis width is largest for the smallest
particles prepared in this study, it suggests 180 nm is still
larger than the single nucleation site regime. However, the
particle size dependence is consistent with expectations for
an elastic contribution to the phase transition.

There are three general aspects to the order-disorder
transition in the DMMF family of perovskites: ordering of
the hydrogen bonding interactions between the dime-
thylammonium cations and the framework, deformation of
the framework to better accommodate the hydrogen bonds,
and long-range polarization. The influence of particle size
on spontaneous polarization has already been described,!?
and our results support this earlier observation that it is not
seen in sub-micron particles of the metal formates, a conse-
quence of the relatively weak polarization in these solids.
The studies on particles confirm, as is largely accepted by
workers in this area,>2062-66 the ferroelectric response of
these solids, when observed, is a byproduct of the cation or-
dering phase transition, which occurs even though the par-
ticles do not support polarization. While the hydrogen
bonding is quite strong in these compounds,3864 the interac-
tion between a cation and the framework is relatively inde-
pendent of the other cations,®* meaning this step alone does
not have a significant elastic component and is not expected
to be influenced by particle size. Thatleaves the framework
deformation, sometimes referred to as framework col-
lapse,1164 as the aspect of the transition with an elastic con-
tribution that still occurs in the particles and is subject to
surface-to-volume effects. Therefore, the behavior of the
mesoscale particles points to the framework deformation as
the step that determines the phase transition temperature.
This conclusion is in line recent explorations of other ana-
logues, including studies analyzing the dipolar dynamics in
DMZnF,” total neutron scattering and modeling for
DMMnF,%* and alterations to the phase transition under
pressure, also of DMMnF.1467

CONCLUSION

The counterion order-disorder transition in dime-
thylammonium magnesium formate is demonstrated to be
sensitive to changes in the surface to volume ratio. While
the solid-solid phase change is retained for micron and sub-
micron particles, these reduced size particles do not pos-
sess a detectable pyroelectric current. The result parallels
an earlier study on the manganese analogue which con-
cluded surface depolarization effects restrict spontaneous
polarization in micron-sized particles, a consequence of the
relatively low electric polarization in this family. Neverthe-
less, the cation ordering occurs in the smaller particles, with
the transition temperature decreasing as the larger surface
to volume ratio stabilizes the high temperature phase. Ad-
ditionally, the larger surface to volume ratio leads to a de-
crease in the enthalpy of the transition, reflecting the
greater contribution of the less ordered surface. Analysis of
the thermal hysteresis shows the smaller particles experi-
ence a larger elastic barrier to the phase change, which can
be attributed to a reduction of the number of nucleation
points from which the transition can propagate. These ob-
servations on how the phase transition changes with parti-
cle size signal it is the elastic barrier associated with the
framework deformation that determines the transition
temperature of the order-disorder transition in dime-
thylammonium magnesium formate. Finally, the study was
enabled by new synthetic approaches to the mesoscale par-
ticles, which were produced without the aid of surfactants.

ASSOCIATED CONTENT

Further particle characterization, including particle size analy-
sis, TEM images, PXRD, TGA, DSC and polarization measure-
ments. This material is available free of charge via the Internet
at http://pubs.acs.org.
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