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Monoprotonated piperazinium perchlorate, [NH,(CH>)4sNH][ClO4], appeared to be a novel room temperature polar material
(P1). Its acentric symmetry was confirmed by a single crystal X-ray diffraction, second harmonic generation (SHG) and py-
roelectric measurements. Differential scanning calorimetry (DSC) measurements revealed complex sequence of phase tran-
sitions above room temperature: I<—+II at 433/422 K (heating-cooling), II<+IIl — 417/411 K, HI<IV — 403/395 and IV<V
at 397 (the lowest temperature phase transition recorded only upon heating). The characteristic feature of the structure of
[NH,(CH;)4NH][C1O4] is the presence of two parallel cationic chains which are connected with each other by strong N—H...N
hydrogen bonds. In phase V these strongly polar non—equivalent chains contribute to the spontaneous polarization. 'H NMR
measurements disclosed the reorientational motions of the piperazinium ([NH,(CH3)NH]™) cations as well as the proton motion
in the N—H. .. N hydrogen bonds along the piperazine chain. Over the phase I the overall motions of the ClO, anions, and
reorientational motion of cations are postulated. The dielectric response, €'(T), accompanying the PT I+»1I indicates possible

antiferroelectricity in the phase II.

1 Introduction

Materials that may be characterized by extraordinary elec-
trical properties are of great interest because of their impor-
tance in novel technologies. For instance, just to name a few,
high values of dielectric permittivity exhibited by some of
these electrically ordered materials make them important in
development of dielectric resonators and filters for microwave
communication systems'. One of the most interesting group
of such materials, from this point of view, are ferroelectrics
i.e. compounds where in some temperature range one may
observe reversible spontaneous polarization?. This effect is
due to certain arrangement of molecules, ions etc. in crys-
tal structure and may be observed only in polar phases. High
values of dielectric permittivity are often observed in other
crystals—antiferroelectrics. Antiferroelectrics are apolar ma-
terials which crystal structure exhibit inversion center but the
strong external electric field can deform internal structure and
induce ferroelectricity 3.

Taking into account the potential application of such materi-
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als at issue is to maintain the stability of electrically ordered
phases near or above room temperature. In the group of the
most promising substances possessing these desired proper-
ties are hybrid inorganic—organic materials. The combination
of the inorganic frameworks (electronic properties) and the in-
triguing features of the organic molecules (flexibility and the
ability to form weak interactions) may lead to obtain com-
pounds which the Curie temperature, T¢, is above room tem-
perature 46

As a matter of fact many simple ionic inorganic—organic
(1:1) hybrid complexes were found to exhibit interesting fer-
roelectric properties at room temperature. They contain in
crystal structure various heterocyclic aromatic cations (pyri-
dinium, imidazolium)7‘11 or non-aromatic (e.g. dabco 1,4-
diaza-bicyclo[2.2.2]octane) cations'Z!4 and tetrahedral an-
ions: BF,, ClO;, ReO,, 10, and CrO3F~. However,
it seems worthy of note that there are known just few
inorganic—organic hybrid crystals which are anitiferroelectric
ones. Currently the most numerous group of organic antifer-
roelectrics are liquid crystals, see for example the article of 1.
Nishiyama ! and references therein.

In this paper we present results of investigations carried out
for new piperazinium compound synthesized: piperazin-1-
ium perchlorate ([Pip][C104]). This crystal is an example of
rarely encountered compounds of single protonated piperazine
with simple inorganic acid. The DSC studies showed that the
title crystal exhibits a rich polymorphism in the solid state.
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The crystal structure was determined by means of the X—
ray diffraction measurements, SHG and pyroelectric measure-
ments proved the polar character of room temperature phase,
in turn the dielectric spectroscopy results strongly suggest
the existence of antiferroelectricity in one of the intermediate
phase. The molecular mechanism of phase transitions (PTs)
was analyzed by 'H NMR studies.

2 Experimental

The piperazine hexahydrate, [NH(CH,);NH]-6H,O (Fluka)
was solubilized in concentrated HC1O4 (70%, AppliChem).
The compound was recrystallized twice from the solution and
the single crystals were grown at constant room temperature
by slow evaporation. Elemental analysis was performed by
means of the commercial CHNS vario EL III Elementar appa-
ratus on C, H and N. It was (% exp./theor.): C(25.70/25.74),
H(6.01/5.90), N(14.96/15.01). Monocrystals had a shape of
a rectangular prism. While working on perchlorate salts the
caution is counseled due to their health hazard and potential
explosiveness.

Differential Scanning Calorimetry (DSC) measurements on
powdered samples were carried out using a Perkin—Elmer
DSC 8500 in the temperature range 100—470 K with a scan
rate of 20 K-min~!. Since the calorimetric measurements did
not prove any thermal anomaly below room temperature the
subsequent measurements were carried out in the temperature
range 300—470 K with the scan rates 20, 10 and 5 deg/min.
TGA and DTA were made on a Setaram SETSYS 16/18 in-
strument in a nitrogen atmosphere. The sample mass was
12.400 mg, the heating rate 2 K-min~!, and the temperature
range 300-700 K.

The complex electric permittivity, ex = &' — ie”, was mea-
sured by a E4980A Precision LCR Meter within the frequency
range 500 Hz-2 MHz and in the temperature range within
300-450 K. The dimensions of the sample were of the order
of 5x3x1 mm?>. The overall error for the real and imaginary
parts of the complex electric permittivity was less than 5% and
10%, respectively.

The spontaneous polarization was measured by a charge in-
tegration technique using a Keithley 617 Programmable Elec-
trometer. The temperature was stabilized by an Instec STC200
temperature controller. The same experimental setup was used
in the case of the DC conductivity measurements.

The relative Second Harmonic Generation (SHG) efficiencies
of a range of powder particle sizes were measured using the
Kurtz and Perry powder technique '¢. In powder test a pulsed
Q-switched Nd: YAG laser was utilized to generate fundamen-
tal 1064 nm light with pulse energy 22 mJ, width and repeti-
tion rate of 20 ns and 10 Hz respectively.

The NMR measurements were made using an ELLAB TEL-
Atomic PS 15 spectrometer. Proton spin—lattice relaxation

times T at 25 MHz were measured using an appropriate sat-
uration sequence of /2 pulses followed by a variable time
interval T and a reading 7/2 pulse. The magnetization was
found to recover exponentially within experimental error in
whole studied temperature range. The temperature was stabi-
lized by a temperature controller type 660 UNIPAN (1 K).
The sample of powdered [Pip][C1O4] was evacuated at room
temperature and then sealed under vacuum in a glass ampoule.
All measurements were made on heating from liquid nitrogen
temperature. The errors in the measurements of T; were esti-
mated to be about 5%.

The X-ray diffraction has been done using four—circle
KM4CCD diffractometr operating in k geometry. The de-
tails of the crystal data and data collection are presented in
table 1. Low temperatures were maintained by the nitrogen
gas open—flow system (Oxford Diffraction) whereas the sim-
ple hot air flow attachment was applied for high temperatures.
The crystals were measured in quartz capillaries in order to
protect them against sublimation which could be intensified
by the air flow. The CrysAlis CCD and CrysAlis RED!7
were used for data collection and reduction. The absorp-
tion correction was done using spherical harmonics, imple-
mented in SCALE3 ABSPACK scaling algorithm. Shelxs97
and Shelx197'® programs were utilized for the solution and
refinement of the crystal structure, respectively. The absolute
structure parameter y was calculated using PLATON 19

Due to the presence of disorder of C1O, groups that reflected
in statistically occupied multiplied oxygen positions the C1-O
distance restraints were applied during the refinement of the
structure. The disorder of the C1O, had also pronounced in-
fluence on the reliability R factors which were on the increase
with temperature activation of rotations of those groups. All
hydrogen atoms were placed in geometrically calculated posi-
tions and were not refined due to the pronounced disorder of
the anions. Crystallographic data for the structures reported in
this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC no. 1019423 (200 K), 1019424
(413 K) and 1019425 (426 K). Copies of this information may
be obtained free of charge from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

3 Thermal behavior

DSC traces on cooling and heating are presented in Figure 1a.
The sequence of PTs on heating is characterized by four peaks
whereas on cooling just by three. This discrepancy is, how-
ever, easy to explain. Two lowest temperature peaks on heat-
ing related to the PTs V—IV at 397 K and IV—III at 403 K
merge into one peak on cooling. This one thermal anomaly on
cooling run is due to two PTs what is proofed by the calculated
entropy (see Tab. 2) and the fact that all the phase sequence
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Table 1 Crystal data, data collection and refinement results for [Pip][ClO4]

Crystal Data

Chemical formula

Mr

Crystal system, space group
Temperature (K)

a,b,c (&)

a, B,y

V (A%

V4

Radiation type
p(mm-h
Crystal size (mm)

Data Collection

No. of measured, independent
and observed [I> 20 (I)] ref.
Rint

(sin® /A )max (A7h

Data Refinement

R[F? > 20(F?)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

Apmaxs Apmin (61&73)
Absolute structure

Absolute structure parameter

Phase V

Triclinic, P1
200

7.8955 (8),
7.9685 (10),
12.611 (2)
84.587 (14),
88.678 (14),
76.076 (10)
766.66 (18)
4

0.47

7672, 4414, 2831

0.016
0.61

0.033, 0.104, 0.95

4414

398

35

0.41,-0.38

Classical Flack method preferred
over Parsons because s.u. lower.
0.22(8) (Flack x parameter) 20
0.54(9) (Hooft y parameter) 2!

Phase IIT

[NH2(CH2)4NH][CIO4]

186.6
Triclinic, P1
413
8.0326 (8),
8.0754 (10),
12.745 (2)
84.190 (14),
88.360 (14),
76.009 (10)
798.07 (18)
4

Mo Ka
0.45

0.21 x0.19 x 0.15

7153,2987, 1468

0.032
0.61

0.049, 0.151, 0.90
2987

236

11

0.36, -0.37

Phase I1

Monoclinic, C2/m
426

13.047 (8),

9.700 (3),

8.348 (5)

129.31 (9)
817.5(7)
4

0.44

4145, 819, 491

0.029
0.609

0.073, 0.216, 0.96
819

79

5

0.43,-0.35
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Fig. 1 (a) DSC curves of [Pip][Cl1O4] on heating and cooling runs and (b) simultaneous curves of thermogravimetric analysis and differential
thermal analysis (3 K-min~!). Note that the endoenergetic peaks in DSC and TGA are presented reversely.

Table 2 Parameters of PTs of [Pip][ClO4] recorded on heating and
cooling runs with the rate 5 deg/min. Note that the values of Temp.
and AS of the lowest temperature PT on cooling (V< IV&IV+III
PTs) are given in the third row from the bottom of the table.

Heating Cooling
Phase Temp. AS Temp. AS
transition  [K]  [J-mol~l.K~!] (K] [Jomol LK1
V&IV 397 1.4 VIV & IVl PTs
IVeII 403 2.2 395 35
[T 417 7.1 411 7.4
1I+1 433 144 422 14.6

from phase V to I is fully reproducible and reversible. In the
table below (Tab. 2) the phase transition parameters are pre-
sented. In order to examine the thermal stability of [Pip][ClO4]
the thermogravimetry method was applied. The simultaneous
curves of differential thermal analysis (DTA) and mass of the
sample vs. temperature is presented in figure 1b. One may see
four thermal anomalies observed already by means of DSC
method. It is worth noting that the decomposition process
starts at [I—I PT temperature. However, at this temperature
this process is still very slow and the weight loss amounts to
ca 0.3% in II—I PT. The abrupt decrease of weight starts at
about 520 K. This decomposition process is accompanied by
the big exothermal peak which is characterisitic for perchlo-
rate compounds?>?3. During the decomposition [Pip][ClO4]

looses ca 80% of its initial weight.

4 Crystal structure

4.1 Phase transitions

Piperazinium perchlorate crystalizes in the form of trans-
parent rhombic prisms. The results of the X-ray diffrac-
tion unambiguously reveal the triclinic symmetry at room
temperature. All diffraction patterns may be indexed in a
unit cell: a=7.79(1)A, b=7.96(1)A, c=8.01(DA, a=104(1)°,
B=108(1)°, y=114(1)° and V=390A3. Detailed inspection of
the collected data revealed however additional, weak peaks
that indicated formation of larger “superstructure”. Taking
into account these patterns the unit cell at room tempera-
ture is defined by following metrics: a=7.96(1)A, b=8.01(1)A,
c=12.66(1)A, o = 84(1)°, B = 88(1)°, y = 76(1)° and
V=T26A3.

Due to the crystal ability for second harmonic generation the
non—centrosymmetric P1 space group has been chosen for the
structure refinement at room temperature and 200 K although
the refinement in centrosymmetric P1 space group resulted in
more satisfying values of the displacement parameters for al-
most all atoms. With temperature increase, during phase IV
to phase III transition the translational symmetry of the crys-
tal has not been altered. Also the intensity and the number of
the weak “superstructure” peaks has not changed compare to

4| Journal Name, 2010, [voll1-16
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room temperature data. Taking into account vanishing of the
SHG signal in phase III the refinement of the crystal structure
has been performed in P1 symmetry. The next structural PT
at T=417 K induced monoclinic C2/m symmetry. The trans-
formation was very abrupt, associated with considerable re-
construction of the reciprocal lattice. The intensities of the
selected triclinic peaks that were measured with temperature
increasing have vanished at the transition point. At the same
time the quality of the measured sample has worsened. The
changes reflected in the lower accuracy of the unit cell de-
termination, especially in the high standard deviation for the
monoclinic beta angle. Nevertheless, the crystal structure has
been successfully determined. The last PT to Phase I was re-
lated to further worsening of the quality of the sample man-
ifesting in the fast decay of the diffracted intensities. After
cooling the crystal from phase II to room temperature it trans-
forms to the triclinic system but after cooling from Phase I to
room temperature the diffraction peaks have not appeared. It
indicates that above 433 K the process of decomposition of
[Pip][ClO4] under the X-ray radiation is not reversible. Since
DSC method showed that crystals of [Pip][ClO4] underwent
the sequence of the PTs even several times for one sample the
process of decomposition observed during diffraction can be
activated by the X-rays and the exposition on high temper-
ature for several hours. In summary, taking into account the
SHG signal and its temperature evolution the crystal structures
have been refined in the following space groups: P1 (Phase
V), P1 (Phase III), C2 /m (Phase II). The question which has
not been solved is the symmetry and molecular configuration
of the prototype Phase I. The unit cell in Phase II may also be
described in nonstandard setting with body (I) centered lattice
for which angle is close to 90° (a=8.348(5)A, b=9.700(3)A,
¢=10.096(9)A and B = 90.5(1)°). Therefore, the transition
from Phase I to II may be associated with symmetry increase
to the orthorhombic system.

4.2 The crystal structure of triclinic Phases IIT and V

The asymmetric unit of Phase V (P1 space group) consists
of four independent perchlorate ions and four piperazinium
counterions. After the transition to the Phase III (P1 group)
the number of symmetrically independent groups is reduced
to two for both species. The ellipsoid representation of the
asymmetric units of both phases are shown in figure S1 and S2
in supplementary materials. The C1O, groups are embedded
among hydrogen bonded piperazinium chains that propagate
along [1 1 0] direction. Figure 2 illustrates the packing of
the crystal structure as well as hydrogen bonded piperazinium
chains in triclinic phases.

Despite the fact that at 200 K several oxygen atoms are in
a bonding distance short enough to act as acceptors in hy-
drogen N—H...O bonds (table S2), significant dynamic of

perchlorate that manifest in the large displacement parame-
ters for oxygen atoms indicate that only temporary hydrogen
interactions may appear. Stable N—H...N hydrogen bonds
are formed between neighboring piperazinium ions with donor
(D) to acceptor (A) distances ranging from 2.82(DA to
2.90(1)A and D—H. . . A angle ranging from 157.5° to 173.3°.
After the transition the hydrogen bonds elongate insignifi-
cantly and range from 2.90(1)A to 2.92(1)A (see table 3).

4.3 The crystal structure of Phase 11

Above T=417 K, an abrupt crystal structure transformation
leads to the change of the crystal system from triclinic to mon-
oclinic with C2/m space group in the first order PT. In the new
Phase II perchlorate groups appear to rotate freely along the
axis defined by CI(1)—O(1) bond. Both atoms lie on the .m.
mirror plane. The content of the asymmetric unit which con-
sists in phase II of one independent perchlorate and two piper-
azinium counterions, along with an atom numbering scheme
is presented in figure S3. The most pronounced changes are
observed in the hydrogen bonded piperazinium chains. The
neighboring piperazinium rings significantly change their ori-
entation in respect to each other. The rotation angle (defined
as the N(1)—N(1)’—N(2)—N(2)’) torsion angle) equals ca
94°. The angle between the planes (in each piperazinium ring
defined by the carbon atoms) changes from 72° to 84°. The
conversion of the chains is illustrated in figure 3 whereas the
packing of the crystal structure is shown in figure 4.

Fig. 4 The motifs of the crystal structure of the high temperature
phase II, T=426 K, C2/m space group. The disorder of C104 groups
manifests in splitting positions, statistically occupied with large
displacement parameters; here drown at 30% probability.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Packing of the crystal structure of [Pip][ClO4] at 413 K; the view along c direction with exposed chains of hydrogen bonds (dashed
lines) that propagate along [1 1 0] direction. Disorder of CIO, groups manifests in the huge displacement parameters of oxygen atoms which
are drown at 30% probability level. For the picture clarity the splitted oxygen positions are not drown.

Table 3 Selected hydrogen—bond parameters at 200 K, 413 K and 426 K

Phase V T=200 K
D—H..A D—H(A) H...AA) D...A(A) D—H...A(°)
NI—HIA...N4' 0.9 1.97 2.861 (7) 168.4
N4—H4C.. .N17 0.9 1.98 2.856 (7) 162.9
N3—H3C... N2/ 0.9 2.01 2.902 (9) 169.6
N2—H2B...N3" 0.9 2.02 2.902 (9) 166.1
N5—H5C...N8" 0.9 2.02 2.904 (6) 168.3
N8—HSC... N5/ 0.9 2.05 2.901 (6) 157.5
N7—H7C...N6" 0.9 1.93 2.823 (8) 173.3
N6—HG6D. .. N7 0.9 1.96 2.823 (8) 161.5

Symmetry code(s): (i) x, y+1, z; (ii) x-1, y, z; (iii) x, y-1, z-1; (iv) X, y-1, z.

Phase 111 T=413 K

D—H...A D—H (A) H...AA) D...A(A) D—H...A(°)
NI—HIA.. N4/ 0.9 2.05 2.922 (4) 163.7
N2—H2B... N3 0.9 2.04 2.899 (4) 159.1
N3—H3C... N2/ 0.9 2.01 2.899 (4) 171.5
N4—H4D.. . N1V 0.9 2.06 2.922 (4) 159

Symmetry code(s): (i) x, y-1, z; (ii) x-1, y, z; (iii) x+1,y, z; (vi) X, y+1, z.

Phase 11 T=426 K
D—H..A D—H(A) H...AA) D...A(A) D—H...A(°)
N2—H3A...N1 0.9 2.00 2.899 (9) 176.9
NI—HIB...N2 0.9 2.02 2.899 (9) 165.9

6| Journal Name, 2010, [vol]1-16 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Rotation of the piperazinium rings after the PT to monoclinic phase with C2/m symmetry. (a)—(b) two different projections.

The oxygen positions are multiplied and statistically occu-
pied with site occupation factor equal to 0.5 for O(21) and
0(22) and 0.25 for O(31) and O(32), respectively. All the
changes seem not to alter the mutual distances of piperazinium
counter—ions along the hydrogen bonds which continue to
show the same geometry as in the triclinic phases. The number
of independent hydrogen bonds is reduced to two with D to A
distance of 2.90(1)A and D—H... A angles equal to 176.9°
and 165.9°. In C2/m group the geometry implies statistical
distribution of hydrogen atoms as far as the nitrogen atoms in
one piperazinium ring are symmetrically equivalent.

4.4 Polar properties of piperazinium perchlorate

All hydrogen bonded piperazinium chains spread in the same
[1 1 0] direction in the crystal structure. The P1 symmetry
does not restrict the direction of hydrogen bonds propaga-
tion. All the elemental dipole moments along the hydrogen
bonds could be set up or down the [1 1 0] axis. However, such
an arrangement would result in strong polar properties of the
compound and would exclude the presence of centrosymmet-
ric space groups in the system as far as the introduction of the
inversion centre would have to conjugate with a movement of
hydrogen atoms along the hydrogen bond of 2.9 A which is
unlikely. Weak SHG signal and pyroelectric responses as well
as the presence of the symmetry centre at high temperatures
imply the equilibrium number of chains propagating up and
down in all phases. Figure 5 illustrates possible settings of the

chains in subsequent phases. In phase II, with C2/m symme-
try there is one independent chain built of two non—equivalent

piperazinium ions. Each of them, however, has the symmetry
dependent nitrogen atoms which introduce disorder of hydro-
gen along the hydrogen bonds. The symmetry implicates the
equilibrium number of up and down chains. In phase III with
P1 space group the symmetry of piperazinium lowers and the
disorder of hydrogen atoms vanishes. However, the symmetry
centre reverses the chains and the resultant dipole moment is
zero. In phase V, there are two independent chains with el-
emental dipoles set in opposed direction. The difference in
hydrogen bonds geometry between the chains may introduce
an uncompensated dipole moment.

5 Ppyroelectricity and Second Harmonic Gener-
ation (SHG)

The results of pyroelectric current and SHG measurements re-
sults are presented in the figure 6. The small peak of pyroelec-
tric current at c.a. 397 K may be assigned to V—IV PT. The
amperage of the current is of the order of tens of picoamperes,
which is relatively small considering the area of the sample
about 25 mm? (see e.g.?* or?). In spite of the relatively large
noise/signal ratio in our measurement one may observe the
another anomaly of pyroelectric current plotted vs. tempera-
ture at 403 K, i.e. IV—III PT. Despite the small magnitude
of the anomalies of pyroelectric current they coincide well
with PTs temperatures. The number of anomalies of pyro-
electric current detected on our experiment is consistent with
the X-ray measurements which suggest that V<»IV<«III PTs

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 The hydrogen bonded chains of [Pip][ClO4] in phases II-V. In phase II the hydrogen atoms along the chains are statistically disordered
with site occupation factor of 0.5. In all phases there is an equilibrium number of hydrogen bonds with dipoles directed up and down the
chains.
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Fig. 6 Pyroelectric current along the [1 1 0] direction and SHG
intensity of [Pip][ClO4].

are linked with subtle deformation of hydrogen bond system
of [Pip][ClO4].

Attempts to change the spontaneous polarization direction
by the external electric field (up to 1000 kV/m) were unsuc-
cessful, which suggests that the compound under investigation
may be classified as a pyroelectric one.

SHG is an optical, noncontact probe method is applicable
even to powdered samples. The SHG measurements clearly
proof the noncentrosymmetric character of the room temper-
ature phase (V). When temperature of the sample incresases
the intensity of the SHG signal diminishes and drops to 0 in
the phase III. The SHG measurement is not fully repetitive
most probably due to the partial decomposition of the sam-
ple under the laser irradiation. Namely,the signal recorded on
cooling is over one order of magnitude lower than that on heat-
ing. [Pip][ClO4] seems to decompose when exposed to high
energy radiation, which was observed also in the course of
X-ray diffraction data collecting. Note, the SHG signal is re-
producible when the laser beam is evenly distributed over the
sample — the signal on heating is much more intensive than
that on cooling. The shape of SHG signal indicates that the
VIV« I PTs are of the first order type.

The SHG efficiency of the piperazinium perchlorate was eval-
uated by using the Kurtz and Perry powder technique '¢ with
Potassium Dihydrogen Phosphate (KDP) as a reference mate-
rial (see details in e.g.?%). The peak intensity of SHG signal
(at RT in the beginning of heating/cooling run) was about 0.8
of the value for KDP for powder size > 125um, which gives
effective SHG efficiency d= 0.94-d(KDP).

6 Dielectric measurements

Figure 7 presents the results of the temperature dependence
of the electric response measured along the [1 1 O] direction

(i.e. the direction which is the nonzero component of H-bond
chain) of [Pip][ClO4] on heating and cooling. It must be noted
that all the phase transitions are reflected in the dielectric re-
sponse of studied crystal and the results are fully consistent
with those obtained with other techniques, for example DSC
and TGA methods. One may observe four anomalies on heat-
ing and three on cooling. The most interesting feature of the
observed response is the abrupt jump of €’ at II—-I PT point
(see fig. 7) and then its the monotonic decrease in phase I.
Such a shape of dielectric response is typical of antiferroelec-
tric crystals at the antiferroelectric—paraelectric transforma-
tion2. This transformation is well reproducible, though the
enhanced high €” values in phase I are related to high conduc-
tivity of sample in this phase. In turn this phenomenon must
be due to the partial decomposition of the sample as it was
shown by means of TGA technique. It must be emphasized,
however, that on cooling the dielectric response of both, € as
well as €7, is fully repeatable. Moreover no relaxation pro-
cesses were detected in any phases of [Pip][ClOy] in studied
radio frequencies region.

a
120 (a) .
—o—cooling
€ | —e—heating Il X l I
100 -
807 1l
V I\ i
60 | | |
40+ /’é |
I 7 0
g
s Zi )
20 ™
0 1

T T T T T T T T T T T r
360 380 400 420 440 360 380 400 420 440
Temperature [K]

Fig. 7 The dielectric response of the [Pip][ClO4] sample measured
along [1 1 0] direction at the frequency f=2 MHz recorded on
heating and cooling — (a) temperature dependence of the real part of
the complex electric permittivity, €’; (b) temperature dependence of
the imaginary part of the complex electric permittivity, £”

7 NMR measurements

The temperature dependence of the experimental spin—lattice
relaxation Ty of proton 'H (measured at 25 MHz) as a func-
tion of inverse of temperature (1000/T [K~']) is presented in
Fig. 8. The spin-lattice relaxation T time shows weak depen-
dence on temperature at low temperatures with T| times of

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 The temperature dependence of the experimental spin-lattice
relaxation T of proton H (measured at 25 MHz) as a function of
inverse of temperature (1000/T [K~!]) in the whole studied
temperature range (a) and in the range 300450 K (b).

the order of a hundred seconds. In the whole studied temper-
ature range the relaxation function is one exponential and T

up to about 220 K is given by the BPP equation for thermally
activated classical motion:

1CHH< 2 e ) (1)

+
Ti 1+ w32 1+4w37?

where relaxation constant depends on the mode of motion
and correlation time 7. is expressed by the Arrhenius rela-
tion 7, = Toexp(E,/RT). A numerical fit of the experimen-
tal data (solid line in Fig. 8) yields the following parameters:
E,=4.1kJ/mol, 7, =42 x 10" sand Cypy = 1.4 x 10° s72.
These parameters probably describe the motion of the one iso-
lated proton between two positions of double—well potential
located along the hydrogen bond.

Above ca. 240 K the T relaxation time gradually decreases
passing through four PTs at 397, 403, 417 and 433 K (on heat-
ing) — see Fig. 8b. It should be noted that the experimental
points between 240 K and 351 K may be fitted with the relax-
ation function with the following parameters: E, = 38 kJ/mol,
the correlation time 7, = 8 x 10~!2 s and relaxation constant
3.9 x 107 s72. The activation energies estimated numerically
from data points from temperature ranges 363-386 K and
407426 K are equal to 35.4 kJ/mol and 61.1 klJ/mol, respec-
tively. One may note that around PTs at 397 and 403 K there
are small irregularities of T but above III-1I PT they become
negligible.

The spin-lattice relaxation time experiences a rapid drop at
433 K, i.e. the II=1 PT reaching a constant value of T around
24 ms. The distinctly higher E, values found at high tempera-
tures are probably the result of translational effects domination
(like diffusion through the lattice or proton conductivity) over
the reorientational motion of the piperazinium cations.

8 Discussion

The phase situation from the thermodynamic point of view
(the shape of thermal anomalies and values of entropy
transitions) in the crystal under investigation [Pip][ClO4] and
its analog [Pip][BF4]?’ reveals high similarity (see diagram
below), however, the structural symmetry of corresponding
phases is different.
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Both compounds were found to exhibit solid—solid phase
transitions above room temperature. The values of the tran-
sition entropies (AS;,) for corresponding PTs are, generally
speaking, similar to each other in both salts. The highest
temperature phase transitions are characterized by the largest
value of AS,, and thereby the most significant change of struc-
ture. Moreover, it should be emphasized that the total en-
tropy effect for these two analogs are identical (about 26
J-K~"-mol™!), which means that the motional state of ions in
the lowest and the highest temperature phases is comparable.
It is impossible to compare the microscopic mechanism of PT's
in both crystals because for [Pip][BF4] only its ordered room
temperature phase IV (Pn) is determined. In [Pip][ClOy4] the
dynamics of CIO, anions play an essential role in all struc-
tural PTs, because the displacement parameters of the CI and
O atoms become larger with temperature and in the phase I we
probably deal with an overall reorientation of anions. In turn,
the organic chain of cations is nearly rigid up to 417 K thus
they do not contribute to the V—=IV and VI—III PT mecha-
nism. Only above 417 K, in phase II, one can observe a sig-
nificant change of the mutual arrangement of the neighboring
piperazinium rings along the chain with the rotation angle be-
ing equal to 94° (“‘displacive” contribution). Since the ClO,
anions start to perform the free rotation along the CI(1)—O(1)
bond we deal with the “order—disorder” contribution as well.
The molecular mechanism of the PT II«+I, clearly “order—
disorder” type, is postulated to be due to onset of the reori-
entational motion of cations related to the break of the organic
chains and isotropic reorientation of the tetrahedral C1O; an-

ions. Such a mechanism is suggested by the proton magnetic
resonance measurements. The PTs V—=IV and II—1 are well

reflected in "H NMR measurements since T experiences a
rapid step—wise changes at these points. The lowest tempera-
ture transition is explained in terms of the change in dynam-
ics of protons in the N—H. .. O hydrogen bonds, whereas the
highest temperature one is due to the onset of the piperazinium
cations dynamics and proton conductivity as well. The in-
termediate PTs IV—III and III—II are hardly visible in the
'"H NMR studies what confirms that the changes of ClO; dy-
namics are those which contribute mainly to the molecular
mechanism of these transitions.

The most spectacular features of the piperazinium analogs are
their nonlinear optical (NLO) behavior and polar properties of
room temperature phases. Both materials crystallize in the
non centrosymmetric space groups (BF4 — space group Pn
and ClO4 — P1). In the case of [Pip][ClO4] the lack of inver-
sion centre was confirmed by the second harmonic generation
measurements whereas in the case of fluoroborate analog the
piezoelectric measurements were applied. Based on the pyro-
electric and X-ray measurements carried out for title crystal
we can suggest that its polar character in the low temperature
phase is related to the arrangement of the polar organic chains
contributing to the spontaneous polarization. [Pip][ClO4] ap-
pears to be a polar crystal over the phase V (probably also in
phase IV) with quite small spontaneous polarization non re-
versible under an external electric field (up to 10 kV/cm) thus
it may be classified as a weak pyroelectric compound. The
polarity of the lowest temperature phase V in [Pip]|[ClO4] re-
sembles that of [Pip][BF4] in phase I'V.

The most significant property of [Pip][ClO4], from the point
of view of dielectric properties, is a postulated antiferroelec-
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tricity over one of the intermediate phases, i.e. phase I
The characteristic increase of € approaching Tc(I—1I) with
€. = 105 and then stepwise fall to 10 units on cooling re-
sembles the dielectric response frequently encountered in pure
antiferroelectric materials. It should be added that a simi-
lar dielectric behavior close to T¢ may be observed in ferro-
electric crystals, however, in such a case the lower tempera-
ture phase must be polar whereas in our case this phase (II)
is centrosymmetric (non polar). Thus the dielectric charac-
teristic close to T¢ (I—1I) and the significant entropy effect
(8S; = 14.5 J-K~-mol~") as well as a discontinuous change
in the T; spin-lattice relaxation time of '"H NMR confirm
the freezing out of the reorientational motion of polar piper-
azinium cations at this PT point. It should be emphasized that
antiferroelectricity is a rare phenomenon in organic materials,
the CCDC crystallographic database contains only five exam-
ples of antiferroelectric crystals?8.

9 Conclusions

We synthesized new organic—inorganic hybrid crystal:
[NH,(CH3)4NH][CIO4]. The compound was found to ex-
hibit complex sequence of phase transitions at high temper-

atures (four on heating and three on cooling) which are due
to the dynamics of both piperazinium and perchlorate moi-
eties as well as a change in the disorder of protons of the N—
H...N hydrogen bonds. The single protonated piperazinium
cations which are involved in strong linear N—H...N hy-
drogen bonded chains which is an origin of the polar prop-
erties of the low temperature phases (IV and V) and possi-
ble antiferroelectricity in the phase II. It must be emphasized
that the monocation in the hybrid salts of piperazinium with
simple inorganic acids appears very rarely. Up to date there
are merely 4 examples in CCDC database: bis(Piperazin-
1-ium) tetrathiotungstate”, Piperazinium nitrate 39, catena-
(Piperazinium bis(u2-selenido)-gallium)>' and Piperazin-1-
ium tetrafluoroborate ?’. The crystal under investigation is po-
tentially applicable as a nonlinear optical (NLO) material be-
cause of its low cost of synthesis and good thermal stability.
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Fig. S2 Asymmetric unit of phase III, T=413 K, P1 space group.
Disordered atoms are made transparent. Site occupancy factor for
05, 06, 09, 010, O11 and O12 is equal to 0.5.

Fig. S3 Nonequivalent molecules in Phase II, the atoms from the
asymmetric unit are labeled. Site occupancy factor for 022 and 021
is equal to 0.5 whereas for O31 and O32 is equal to 0.25.

10 Supplemental materials

10.1 Crystal structure

Fig. S1 Asymmetric unit in phase V, T=200 K, P1 space group.
Disordered hydrogen atoms are made transparent.
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Table S1 Selected geometric parameters (A) at 200 K—Phase IV, (a) 426 K, at 413 K—Phase III and at 426 K—Phase II. Independent Clo,
groups and piperazinium counter—ions are numbered.

200 K, P1 413K, P1
1 2 1 2
Cl1—04 1.413 (7) C13—O012 1.407 (8) Cl1—06 1.416 (3) Cl2—O11 1.3989 (15)
Cl1—O01 1.430 (6) C13—O0l11 1.384 (7) Cl1—04 1.397 (2) C12—O010 1.397 (2)
Cl1—03 1.456 (7) C13—09 1.415 (7) Cl1—03 1.398 (2) C12—07 1.4051 (17)
Cl1—02 1.441 (6) C13—O010 1.444 (7) Cl1—O1 1.4036 (17) C12—O08 1.422 (3)
3 4 Cl1—02 1.4080 (17) C12—09 1.382 (7)
C12—06 1.399 (7) Cl4—O016 1.427 (7) Cl1—05 1.400 (2) Cl2—O012 1.401 (2)
C12—O08 1.412 (7) Cl4—O013 1.425 (6) 3 4
CI12—O05 1.416 (6) Cl4—O014 1.446 (7) N1—Cl1 1.464 (4) N3—C8 1.476 (4)
C12—07 1.432 (7) Cl4—O0l15 1.420 (7) N1—C4 1.470 (4) N3—C5 1.490 (4)
5 6 N2—C3 1.428 (4) N4—C6 1.451 (4)
N1—C4 1.4718 (13) N5—C9 1.4730 (13) N2—C2 1.440 (4) N4—C7 1.467 (4)
N1—C1 1.4732 (13) N5—CI12 1.4718 (13) Cl—C2 1.514 (4) C5—C6 1.503 (4)
N2—C2 1.4703 (13) N6—Cl11 1.475 (9) C3—C4 1.5154) C7—C8 1.505 (4)
N2—C3 1.472 (9) N6—CI10 1.457 (6) 426 K, C2/m
Cl1—C2 1.5004 (13) C9—CI10 1.545 (6) 1 2
C3—C4 1.504 (10) Cl11—C12 1.529 (10) Cl1—021 1.397 (2) N1—Cl1 1.447 (5)
7 8 Cl1—031 1.400 (3) Nl—Cl": 1.447 (5)
N3—C5 1.4718 (13) N7—Cl16 1.4716 (13) Cl1—022 1.398 (2) cl1—C1# 1.484 (8)
N3—C8 1.4720 (13) N7—Cl13 1.4724 (13) Cl1—O1 1.401 (3) N2—C2 1.426 (6)
N4—C6 1.4704 (13) N8—CI15 1.472 (6) Cl1—032 1.400 (2) N2—C2! 1.426 (6)
N4—C7  1.4703 (13) N8—Cl14 1.467 (6) C2—C2i 1.498 (10)
C5—C6 1.528 (6) C13—C14 1.5003 (13) Symmetry codes: (i) x, -y+1, z;
C7—C8 1.4999 (13) C15—Cl16 1.526 (6) >ii) -x, y, -z+1; (iii) -x+1, y, -z+2
Table S2 Selected hydrogen-bond parameters at 200 K, 413 K and 426 K
200K, P1 413K, P-1
D—H...A D—H(A) H..AA) D..AA) D—H..A(°) D—H.A D—H(A) H.AQR) D.A@A) D—H.A")
NI—HIA.. . N4i 0.89 1.99 2.858 (7) 165.6 NI—HIA.. . N4i 0.9 2.05 2.922 (4) 163.7
NI1—HIB...02i 0.89 2.05 2917 (9) 164.9 NI1—HIB...02i 0.9 2.08 2.961 (4) 166.5
N2—H2A...07 0.89 220  3.053(10) 161.3 N1—HIB...03i 0.9 255 3.254(10) 135.8
N3—H3C.... N2iii 0.89 2.02 2.905 (9) 173.7 N2—H2A...08 0.9 226 3.145 (5) 168.9
N3—H3D...0l15 0.89 2.36 2.938 (9) 122.4 N2—H2B...N3ii 0.9 2.04 2.899 (4) 159.1
N3—H3D...016 0.89 245 3.258 (9) 151.6 N3—H3C.... N2iii 0.9 2.01 2.899 (4) 171.5
N4—H4D...010v 0.89 2.44 3.064 (9) 127.6 N3—H3D...08iv 0.9 2.31 3.005 (4) 133.6
N5—HS5C.. . N8ii 0.89 2.02 2.901 (9) 170.6 N3—H3D...012iv 0.9 233 3.135(9) 149.3
N5—H5D. .. 010ii 0.89 2.05 2.907(9) 161.3 N4—H4C...02v 0.9 244 3.152 (4) 135.9
N6—H6C...015 0.89 220 3.078 (9) 168.9 N4—H4C...05v 0.9 250  3.341(11) 154.8
N7—H7C...N6iv 0.89 1.96 2.839 (8) 170.1 N4—H4D. . . Nlvi 0.9 2.06 2.922 (4) 159
N7—H7D...07 0.89 2.39 2.978 (8) 123.4 Symmetry code(s): (i) X, y-1, z; (ii) x-1, y, z; (iii) x+1, y, z;
N7—H7D...014 0.89 246  3.015(10) 120.4 (V) -x+1, -y+1, -z+1; (V) -x+1, -y+2, -z+2; (vi) X, y+1, z.
N8—HS8D. .. 02vi 0.89 2.46 3.074 (9) 126.9 426 K, C2/m
N8—HSD. .. 04vi 0.89 259  3.457(11) 163.8 N2—H3A...N1 0.9 2.00 2.899 (9) 176.9
Symmetry code(s): (i) x, y+1, z; (i) x-1, y, z; (iii) x, y-1, z-1; NI1—HIB...N2 0.9 2.02 2.899 (9) 165.9

@iv) x, y-1, z; (v) x+1, y, z; (vi) X, y+1, z+1.
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1000/T [K1] (a) 10.2 DC conductivity measurements
2;? ' 2;4 ' |2;5| ' 2;6 ' 2'?18. 5 The measurements of electrical conductivity were carried out
8x10° I o on the sample along [1 1 0] direction in order to examine the
| ¥ - possible proton conductivity in hydrogen bonds N—H...N.
. o -19.0 The results are presented in figure S4. The reciprocal temper-
o [S/ m] I |n(0.) ature dependence of In opc in each phase followed the Arrhe-
! -19.5 nius formula:
4x10° ' - A E, @
=Ap-exp| —
| DC 0 p RT )’
-0 ! o 4-20.0 P :
2x10 where 6pc, Ag, E, and R stand for conductivity at direct cur-
w0 @0 a0 (D)

3é0 ' 4(I)0 ' 450
T[K]

Fig. S4 Direct current conductivity vs. temperature and In(0p¢) vs.

reciprocal temperature on heating (a) and cooling (b). The thin line
is the electrical conductivity, short blue lines stand for PTs. The
point-line data are In(op¢), the long dotted lines stand for PTs in
reciprocal temperature scale. The red lines are the fit of In(opc).

rent, preexponential factor, activation energy and the gas con-
stant, respectively. The following table presents the obtained
values of activation energy.

E, [kJ/mol]

phase I 10.5
phase II 17.4
phase I1I 21.9
phase V 29.0

All the values are in the range 10-30 kJ/mol and di-
minish with increasing temperature. Such a values
were encountered for some ionic conductors such as
0.5 AgrS—0.5 Ge;S*?, [C(NH,)3]2SbClsx[C(NH;)3]C133,
a-TMAOH*, Ag,HfS3% or H3Moj2POy - 29H,0 and
HsW 2P0y - 29H,03¢. However, the values of DC conduc-
tivity of the title crystal are distinctly lower than conductivity
of compounds mentioned above. In spite of this the mecha-
nism of conductivity seems to be the same, i.e. proton transfer
along hydrogen bond. The rise of conductivity with tempera-
ture point at changes of dynamical state of proton in hydrogen
bond. The abrupt change of DC conductivity at II<+I PT, how-
ever, may be related to additional contribution of other types
of ions to conductivity process. It might be due to the high
disorder in crystal structure in phase I suggested by the X-ray
and DSC measurements.
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