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Effect of halide solid solution on the structure, phase transition
behaviour and dielectric properties of DabcoH* chains
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Ol 10.1039/x0xx00000x The 1,4-diazabicyclo[2.2.2]octane (dabco) forms one-dimensional chains through intermolecular N-H*--*N hydrogen bonds

and shows ferroelectricity originated from proton transfer. The size of polarized domain differs depending on the size,
symmetry, and polarizability of the counter anions. Herein, two binary halide solid solutions of dabcoHCl with dabcoHBr
(CIBr) and dabcoHBr and dabcoHI (Brl) were prepared and

. Solid solution of the CIBr contains 3% of Cl" in dabcoHBr, and thus latice
length as well as space group and volutme are almost same as those fo dabcHBr. Phase transition temperature from
hydrogen boded structure to ion-paring structure decreased from 458 K to 440 K by mixing CI~. On the other hand, solid
solution Brl was formed with all proportional solid solution and whose crystallographic parameters characterized by single
crystal X-ray (XRD) diffraction analysis well obeyed to Vegard's law. Phase transition behavious were investigatged for single
crystal of Br:1=8:2 (Bro.solo.20) by temperature variable single crystal XRD analysis and we revealed that new structural regime
appeared at 250-373 K in which intermolecular N-H*:--N hydrogen bond was weaken. It was also revealed that this is
ferroelectric phase as well as original dabcoHBr. At high temperature range, phase transition from hydrogen bonded phase
to ion-par phase was observed at 435 K, which is lower than 458 K of dabcoHBr.

often relaxor ferroelectrics in the case of perovskite-type
Introductions composite oxides with chemical formula A(BB')Os. Relaxor
ferroelectricity appears with strong covalent Pb ions in A, metal
ions with low valence in B and dp transition metal ions with high
valence in B'.%"12 Thus, metal-containing relaxor ferroelectrics
are being understood with design guidelines based on metal ion
selectivity.

Conversely, metal-free ferroelectrics composed of organic
molecules and/or halides have advantages in environmental
and humane friendliness in addition to lightweight and easy
processing.13-18 The mechanism of ferroelectricity of the metal-
free ferroelectrics differs from metal-containing ferroelectrics.

Ferroelectric materials possess various properties including
piezoelectricity, pyroelectricity, and nonlinear optical
properties. These characteristics enable these material
applications in memory, capacitors, and thermal sensors.l3
However, these metal-containing ferroelectrics often include
metals harmful to both the environment and human health,
such as lead zirconate titanate (PZT) and barium titanate (BTO).
These macroscopic ferroelectrics originated from a uniform
arrangement of dipole moments. Conversely, there is another
type of ferroelectrics known as relaxor ferroelectrics which is a
system with inhomogeneous polarized domains. Relaxor
ferroelectrics have a different mechanism of polarization inversion in
contrast to common macroscopic ferroelectrics. Polarized domains
are formed at mesoscopic scales and grow by an applied electric (@)

field.#-8 They exhibit high dielectric and piezoelectric properties Y a
and broad temperature-frequency dispersion. These materials / °

have been used in energy storage devices and piezoelectric b * *

actuators, for example. Metal-containing ferroelectrics are
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Fig. 1  Crystal structure of dabcoHX in (a) ab and (b) bc planes (C: grey, N: blue,
Cl: light green, Br: purple, I: green). H atoms are omitted for clarity.
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The mechanism of the metal-containing ferroelectrics is the
displacement of atoms from centrosymmetric positions. In
contrast, the metal-free ferroelectrics include orientational
polarization of the molecules by inversing their orientation by
the outer electric field and displacement of the proton in the
hydrogen bond at the proper interatomic distances.

Several hydrogen-bonded ferroelectrics have been reported
to exhibit spontaneous polarization comparable to those of
metal-containing ferroelectrics at around room temperature.19-
240ne of these is dabcoHA (A = BF4-, ClO4~, ReO47), dabco = 1,4-
diazabicyclo[2.2.2]octane.?>27 The structure is formed by
dabcoH* forming one-dimensional hydrogen-bonded chains (Fig.
1). The counter anions A- are distributed in the space of the
dabcoH*
ferroelectricity is proton transfer in hydrogen bonding, as well

chain and bridging them. The mechanism of

as orientation and ionic polarisation of anion A-. Conversely,
dabcoHX (X = Br-, I) with spherical anions shows a different
polarization order in contrast to dabcoHA. The dabco forms a
one-dimensional chain, but this is a short-range order formed
by weak electronic polarization of the anions. As a result,
dabcoHX is a relaxor ferroelectric with proton transfer.28-30 Thus,
mono-salts consisting of dabcoH* form a polarization order due
to the size, polarizability and symmetry of the anion.

Solid solutions are homogeneous mixtures of two or more
components to form a single solid phase, such as the relaxor
ferroelectrics of A(BB')Os described above. Curie temperature,
spontaneous polarization and dielectric constant in solid
solution are controlled by composition. In addition,
morphotropic phase boundary (MPB) appears when crystals of
different symmetry are used in solid solutions. Most physical
properties such as dielectric and piezoelectric constants show
an anomalous behaviour at the MPB. 31-34

Conversely, crystals are
substitutional solid solutions of isomorphic structures with the

solid solutions of molecular

same family elements, where phase transition behaviour and
molecular motility are less dependent on composition. However,
there are examples of molecular crystalline solid solutions

(@) (b)

whose phase transition behaviour and molecular mobility are
composition-dependent, 35-3° for example, in solid solutions
partially substituted with different halogens. CM salts (CM =
cyclohexylmethylammonium) undergo a phase transition at a
temperature depending on composition.*® Furthermore, Xiong
demonstrated gigantic piezoelectricity with (TMFM),(TMCM);-
xCdCl3 (TMFM = trimethylfluoromethyl ammonium, TMCM =
trimethylchloromethyl ammonium).41

Herein, we focus on the dependence on counter anions to
ferroelectric behaviours of the one-dimensional hydrogen-
bonded chain of dabcoH*. New halide solid solutions of dabcoH*
salts were prepared and the crystal structure and phase
transition behaviour were investigated by temperature variable
single-crystal XRD analysis and thermal measurements.
Furthermore, dielectric properties of the Brosgolo2o Were
investigated by temperature and compositional variations.

Results and discussion
Preparation and composition determination of solid solutions.

Crystallization of dabcoHX is reported to be isolated from the
aqueous solution of a 1:1 mixture of dabco with acidic HX.28 Followed
by the experimental procedures for dabcoHX, acids HX1 and HX2
were mixed at ratio x'. (HX = HCI, HBr, HI). Good quality single crystals
which are suitable for single crystal X-ray diffraction environments
were isolated after slow solvent evaporation by keeping the solution
atmosphere for several days. Furthermore, EDS mapping of SEM-EDS
showed uniform dispersion of both halogens within the crystal
(Figure S1). The solid solution of Cl and Br is hereinafter called CIBr
and the solid solution of Br and | is hereinafter called Brl.

The solid solution ratio of halide ions was estimated using CHN
elemental analysis. The relationship between experimental mixing
ratio x' and calculated solid solution ratio x is shown in Fig. 2. For
solid solution CIBr, no proportional relationship between was
observed the mixing ratio of the solution and the composition ratio
in the crystal. The concentration of Cl was around 3 % in the Br-rich
solid solution. The concentration of Br was around 7 % in the Cl-rich
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Fig. 2 (a, b) Plot of the preparation ratio (x') (horizontal axis) during solution preparation versus the solid solution ratio (x) (vertical axis) calculated by elemental analysis.
(a) solid solution CIBr, (b) solid solution Brl.DSC of solid solution CIBr. (c) In CIBr, Measurements were carried out in the temperature range 273 - 500 K, at a sweep rate

of 10 K/min and under N, atmosphere.
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solid solution. These low miscibility of CI- and Br- originated from
differences in the structure of the end-members. In the crystal of
dabcoHCl, dabcoH* interacted with ClI-, giving an ion-pairing
structure.*2 Hydrogen-bonded chain structure is observed in
dabcoHCl trihydrate.*2 P-XRD showed that the diffraction pattern of

the solid solution of Cl-rich corresponded to that of (dabcoHClI) - 3H,0.

Conversely, the solid solution of Br-rich corresponded to a diffraction
pattern of dabcoHBr consisting of hydrogen-bonded chains (Figure
S2).

For solid solution Brl, a linear relationship was observed
between the mixing ratio of the solution and the composition
ratio in the crystal. The components are miscible in any
proportion is typical for all proportional solid solutions. The high
miscibility of Brl originated from because of its isomorphism of
dabcoHBr and dabcoHl.

Crystallographic study and phase transition behaviour of CIBr.

The single crystals of the solid solution CIBr at Br-rich (97 %
bromide) were isolated for X-ray structural analysis at 298 K.
The crystal structure of the solid solution was solved with a
space group P-6m2 which is the same as dabcoHBr (Figure S3).
The lattice constants a, ¢ and lattice volumes of CIBr were
6.6645, 5.3238 A and 204.78 A3 respectively. As a result, solid
solution CIBr was not significantly different from dabcoHBr
(6.6650, 5.3130 A and 204.40 A3).

The structural phase transition behaviour was investigated
using DSC (Fig. 2(c)). dabcoHBr undergoes a two-step phase
transition on heating at 458 K and 471 K.28 The first transition at
458 K corresponds to the breaking of the hydrogen bond, in
which NH*--- N hydrogen-bonded chain structure (phase-Ill)
changed to the ion-pair structure with NH*--- Br- at 458 K
(phase-Il). At 471 K, another hydrogen bond formed between
methylene moiety and the bromide (phase-l). Furthermore,

Table 1 Crystallographic data for solid solution Brl.

these phase transitions depend on the pressure. The lattice
volume decreases by 7 A3 at 0.30 GPa. The transition
temperature is reported to decrease by 38 K from 458 K to 420
K.4344 The volume change is understood with the Claussius-
Clapeyron equation dT/ dP = AV/AS for the first-order phase
transition. The transition from a hydrogen-bonded chain
structure to an ion-pair structure is AV < 0. Therefore, the lattice
volume reduction in the hydrogen-bonded phase results in a
decrease in transition temperature. In solid solution CIBr,
corresponding two-step phase transitions were observed. The
hydrogen bonding chain phase-lll transited to the ion-pair
phase-ll at 440 K with increasing temperature. Transition
enthalpy and entropy changes were estimated to AH = 4.6 kJ
mol-1 and AS = 10.5 J mol-! K71, respectively. Reported values
for dabcoHBr were 458 K, 5.1 kJ mol! and 11.1 J mol-! K-1,28
showing corresponding AS. A decrease in phase transition
temperature is derived from that of AH. Intermolecular
hydrogen bonding N---N distance in CIBr phase Ill is 2.779 A
which corresponds to that in dabcoHBr. The enthalpy change by
hydrogen bond is comparable. Taking the fact that NH*---Cl- is
usually stronger than NH*---Br-, interaction NH*---X~ in CIBr is
considered to be stronger than that of dabcoHBr. Structural
details on phase-Il have not been characterized due to damage
to a single crystal upon phase transition.

The subsequent heating of the ion-pair phase-Il leads to the
next transition at 481 K in which transition enthalpy and
entropy changes were 3.48 k] mol! and 7.23 J mol? K7,
respectively. These values of the dabcoHBr were reported to be
471K, 3.33 k) mol-tand 7.07 ) mol-1 K1, All values are increased
slightly in the CIBr.

In the cooling process, only a single peak was observed with
a phase transition temperature at 438 K with AH =3.67 kJ mol-1.
The observed AH is not coincident with the some of enthalpy
changes of the heating process, indicating that phase transition

Compound Bro.1slo.s1 Bro.27lo.73 Bro.ealo.ss Bro.7alo.26 Bro.golo.20 Bro.solo.10 Bro.sslo.os

Formula C6H13N2Br0.191 C6H13N2Br0.271 C6H13N2Br0.641 C6H13N2Br0.74l C6H13N2Br0.80I C6H13N2Br0.90I C6H13N2Br0.95I1
0.81 0.73 0.36 0.26 0.20 0.10 0.05

Crystal system Hexagonal

Space group P-6m2

a, A 7.0554(4) 6.9445(9) 6.8337(5) 6.8015(6) 6.7541(6) 6.6949(4) 6.6793(6)

¢ A 5.3473(3) 5.3334(5) 5.3349(3) 5.3298(4) 5.3383(4) 5.3265(4) 5.3178(5)

v, A3 230.54(3) 222.75(6) 215.76(3) 213.53(4) 210.90(4) 206.76(3) 205.46(4)

z 1

Pealc, § M3 1.665 1.695 1.616 1.597 1.594 1.589 1.580

Reflections collected 1334 809 1547 803 1246 778 1234

Independent reflections 245 218 240 224 231 212 225

Data/restraints/parameters 245/0/11 218/0/11 240/0/12 224/0/11 231/0/12 212/0/11 225/0/11

Goodness of fit on F, 1.097 1.081 1.077 1.206 1.114 1.240 1.080

Final R indices [/ > 2a(/)] R, =0.0141 R; =0.0263 R; =0.0525 R, =0.0436 R, =0.0389 R; =0.0155 R;=0.0314
WR; = 00353 WR; = 0.0667 WR; =0.1272 WR; =0.1136 WR; =0.0930 WR; =0.0427 WR; =0.0717

Final R indices [all data] R;=0.0141 R; =0.0263 R; =0.0533 R, =0.0436 R, =0.0394 R; =0.0155 R; =0.0327
WR; = 0.0353 WR; = 0.0667 WR; =0.1275 WwR; =0.1136 WwR;, =0.0933 WR;, = 0.0427 WR;, =0.0723

Temperature, K 298

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Composition dependence of lattice constants in solid solution Brl. (b, c) Dispersion of lattice constants in 15 single crystals of dabcoHBr and Brggolp.20. The

coloured range indicates a 20 range. Lines indicate mean values. (b) a-axis. (c) c-axis.

processes are included by the second-order type phase
transition.

Crystallographic study of Brl.

The crystals obtained in solid solution Brl were of good quality for
single crystal X-ray structure analysis in all compositions prepared.
The temperature and composition dependence of the structure were
evaluated at 112 - 373 K. Crystallographic data of x=0.19, 0.27, 0.64,
0.74, 0.80, 0.90 and 0.95 at 298 K were summarised in Table 1. The
crystal structure of solid solution with all compositions is isomorphic
to both dabcoHBr and dabcoHI. The ratio of Br to | estimated from
occupancy which is optimised by crystallographic analysis showed
good agreement with the ratio obtained from elemental analysis
(Table S1).

Fig. 3 (a) shows a plot of the a-axis length (L hydrogen bonding)
and c-axis length (// hydrogen bonding) versus composition. In
dabcoHBr and dabcoHlI, the difference in ionic radius of counter
anions appeared remarkably to be those of a-axis lengths which
correspond to a distance between hydrogen bonding chains. The
dependence of the a- and c-axis lengths with composition was linear,
which obeyed Vegard's law.

X-ray structural analysis was performed on 15 single crystals of
solid solution Brg.solo.20, and also dabcoHBr, to evaluate the variation
of lattice constants per crystallite. Table S2 shows the mean and
standard deviation o of the lattice constants. Fig. 3 (b, c) is a plot of
the lattice lengths of dabcoHBr and Brggolo.20 in 15 single crystals.
Even for dabcoHBr, differences in lattice length were observed per
single crystal. The mean, maximum/minimum and 20 (97 %) range
for the lattice lengths were 6.6649 and 5.3150, 6.6300/6.6929 and
5.2840/5.3458, 6.6323-6.6975 and 5.2846-5.3454 for the g- and c-
axis respectively. This dispersion is considered to be originated from
a difference in the lattice constant reflecting the measurement
system and the degree of defects in single crystals. In Brg.golo.20, they
were 6.7323 and 5.3246, 6.6951/6.7541 and 5.3128/5.3383, 6.7151-
6.7495 and 5.3184-5.3308 on the a- and c-axis. There were also
crystals where the minimum value measured with Brggolo.20 Was
comparable to the maximum value measured with dabcoHBr. The

4| J. Name., 2012, 00, 1-3

dispersion of lattice constants may also derive from differences in
the concentration of iodide ions. However, the fact that the standard
deviation values were comparable for dabcoHBr and Brgsolo.20
suggests that differences in composition ratios per single crystal are
almost negligible. The single crystal of Brogolo.20 With the largest a-
axis difference (entry 15) was used for the temperature dependence
evaluation at 112 - 383 K (Table S3).

The temperature dependence of the lattice constant of the end-
member dabcoHBr was reported by Marek Szafranski et al. 28 Both a-
and c-axis lengths show a linear increase with temperature at 95-400
K (phase-IIl). Conversely, in Brosolo.20, the temperature dependence
of the lattice length changed at ~250 K for both the a- and c-axis
(Figure S4), indicating that phase-lll in dabcoHBr was divided into two

Table 2 Coefficient of thermal expansion for each lattice constant in solid solution

Bro.golo.20.
LTR MTR
a, 1075 K1 2.993 4.814
¢, 105Kt 0.8285 1.822
V, 1075 K1 6.864 12.40

different ranges. The low-temperature side is hereinafter called LTR
(Low Temperature Range) and the temperature range at 250-383 is
MTR (Medium Temperature Range). Table 2 is a summary of the
coefficient of thermal expansion 8 calculated from the formula a =
0p(1+6T). The 8 in dabcoHBr was constant at 4.46 x 107> K-1for the
a-axis and 1.78 x 107> K1 for the c-axis. However, the 8 change from
LTR to MTR in Brg.solo.20 increased 1.6- and 2.2-times on the a- and c-
axis, respectively. The temperature dependence of the lattice
volume V shows that corresponds to lattice lengths.

To gain details on hydrogen bond, the temperature dependence
of the N---N distance between dabco molecules was investigated
(Figure. S5). The N---N distance in dabcoHBr is increased linearly with

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a, b) Temperature dependence of complex permittivity (a: c-axis direction,
b: a-axis direction).

temperature, reaching 2.804 A at 382 K. In Brogolo2o, the N---N
distance was constant at 2.78(2) A in LTR, increased above 250 K and
was again constant at 2.81(2) A in MTR. Elongation of the N---N
distance (hydrogen bonding distance) is shown to result in weaker
hydrogen bonding in MTR than in LTR. Furthermore, the elongation
of the N---N distance affects the proton motility in hydrogen bonds.
Activation barriers for proton motion at LTR and MTR were
estimated to 0.30 and 0.37 eV by DFT (Figure S6), but there is no
thermal anomaly in the DSC chart.

Dielectric properties of solid solution Brg_golo.20.
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Fig. 5 P-E hysteresis loop of Brg golo.20 measured at 298 K on the c-axis (20 Hz).

This journal is © The Royal Society of Chemistry 20xx

= 24
g P
0 =—
Eo{ —
3 24 HB
=

-4 - T T T T

300 350 400 450

Temperature , K

Fig. 6 In Brggolo.20, Measurements were carried out in the temperature range 273
- 500 K, at a sweep rate of 10 K/min and under N, atmosphere.

The end-member dabcoHBr shows a frequency-temperature
dependent relaxor-like dielectric anomaly in the c-axis direction at
180 - 300 K.z In solid solution Brosgolo20, the temperature
dependence of the complex permittivity (120 - 370 K) was evaluated
using single crystals along a- and c-axis directions (Fig. 4). The
Brosolo2o showed temperature- and frequency-independent
dielectric anomalies in both the a- and c-axis at ~250 K. This
temperature is in good agreement with that changed from LTR to
MTR. In addition, a decrease of the dielectric constant was observed
along the c-axis direction above ~250 K. This agrees with the fact in
which the activation energy of proton in N---N hydrogen bond
increases. P-E hysteresis measurements were performed in the c-axis
direction at 298 K using single crystals (Fig. 5) The hysteresis loops
were observed, indicating the ferroelectricity of MTR appeared by
mixing I~.

Phase transition behaviour of solid solution Br golo.20-

Finally, the phase transition behaviours of Brosgolo2o at a high
temperature range above 420 K were investigated by DSC (Fig. 6). In
the DSC chart, endothermal peaks were observed at 435 K and 464 K
(AH =5.36 and 3.18 k) mol~1, AS =12.32 and 6.853 J mol-1 K-1). P-XRD
patterns measured at 480 K (Figure S7) well agree with that of phase-
| of dabcoHBr, suggesting that Brosgolo.20 also undergoes phase
transitions from hydrogen bonding structure (phase-Ill) to ion-paring
structure of phase-l via phase-Il. Phase transition temperatures
observed for Bro.golo.20 were decreased by 23 and 7 K compared to
those of dabcoHBr, while both of AH and AS corresponded to those
of dabcoHBr.

It was reported that the phase transition temperature of
dabcoHBr decreased upon lattice contraction by pressure. 44 This is
due to phase-Il is denser compared to phase-l. Conversely, phase
transition temperature decreased even though lattice volume was
increased in Brosgolo20 by mixing I=. This opposite direction from
expectation is believed to be local structural distortion around I~ in

Bro.solo.20.

Conclusion

In summary, two solid solutions CIBr and Brl were prepared by
mixing ClI- and |- with dabcoHBr, which has a one-dimensional

J. Name., 2013, 00, 1-3 | 5



hydrogen-bonded chain structure. The composition and
temperature dependence of the structure, phase transition
behaviour and dielectric properties were investigated. Changes in
phase transition temperatures against composition are revealed. The
solid solutions CIBr and Brl showed different miscibility due to
differences in the structure of the end-members. In solid solution
CIBr, the miscibility in the crystals was low for all mixing ratios
prepared. Mixing 3 % Cl- with dabcoHBr resulted in an 18 K lower
temperature shift in the transition temperature from the hydrogen-
bonded chain structure to the ion-pair structure. However, no
significant differences in structure, such as lattice constants and
hydrogen bond lengths, were found. Conversely, in solid solution Brl,
a linear relationship between the stocking ratio and the solid solution
ratio is observed and is adjusted at any ratio. The solid solutions of
all compositions were isomorphous with dabcoHBr based on the
results of single-crystal X-ray structural analysis. The relationship
between composition ratio and lattice constant varied linearly
according to Vegard's law. In solid solution Brg.golo.20, the evaluation
of the temperature dependence of the structure showed the
emergence at 250-373 K of a new range MTR. The MTR was a range
with longer hydrogen bonds and reduced proton motion compared
to LTR. Dielectric anisotropy evaluation showed the temperature of
dielectric anomalies matching the temperature of the LTR to MTR. In
Bro.solo.20, the transition temperature from hydrogen-bonded chain
structure to ion-pair structure shifted to lower temperatures due to
the admixture of 20 % I=. As these results, hydrogen bonding tuning
is accommodated in the modulation of phase transition
temperatures and dielectric properties.

Experimental
Synthesis of solid solution CIBr and Brl.

A mixture of dabco (1,4-diazabicyclo[2.2.2]octane) (1.127 g, 10
mmol) dissolved in water (2 mL) and the corresponding acid (HCl:
0.8 mL, HBr: 1.1 mL, HI: 1.4 mL) at 1: 1 was prepared. The crystals
were obtained by solvent evaporation under shaded light for
several days. Commercially available dabco, HCl, HBr and HI were
used without purification. Solid solution CIBr was crystallised by
changing the preparation ratio to HCI: 1 - x' and HBr: x' for the
corresponding acids, x' =0, 0.25, 0.50, 0.75, 1 (yield 37.7, 35.5, 41.8,
44.6, 46.5 %). Solid solution Brl was crystallised in the same way as
CIBr, with HBr: x', HI: 1 - x', and with preparation ratios of x' =0,
0.25, 0.50, 0.65, 0.70, 0.75, 0.85, 0.90, 1 (yield 42.6, 45.8, 35.2, 32.2,
31.4,43.8,37.5,41.5, 46.5 %).

Measurement.

* XRD. Single-crystal X-ray structure analysis was performed using
Rigaku XtaLAB Synergy R, DW system, Hypix, with source: Mo Ka and
processing software CrysAlisPro. Powder XRD at room temperature
Flex 600 and variable
temperature powder XRD was performed using a Rigaku Smart Lab,

was performed using a Rigaku Mini

source: Cu Ka, under N, atmosphere.

+ SEM-EDS. Measurements were made using a JEOL JSM-7600F and
an energy-dispersive X-ray generator. Measurements were made
after carbon tape was stretched over brass, a sample was placed on

6 | J. Name., 2012, 00, 1-3

the tape and gold was deposited using a vacuum evaporation system
(Au, Sanyu).

+ DSC. Rigaku Thermo plus REVO2 Differential Scanning Calorimeter
Measurements were carried outin an N, atmosphere at a sweep rate
of 10 K/min using a DSCvesta instrument.

+ Complex permittivity. Measurements were made in the frequency
range of 100-1 MHz using the E4980AL Precision LCR Meter
(KEYSIGHT) instrument. Measurements were performed under
vacuum and temperature was controlled using a LakeShore 335
Temperature Controller.

* P-E Hysteresis. Measurements were carried out using a RADIANT
Precision LC Il instrument.

+ DFT. Potential energy differences (AE) were calculated by a
function of B3LYP/6-31G(d,p) using N---N distances obtained from
the structural analysis. The software used was Gaussian.
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