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Ferroelectricity in NH --- N Hydrogen Bonded Crystals
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NH - -- N hydrogen bonded crystals pEsH;N,]"-ClO,~ and[CsH;N,]"-BF,~ undergo ferroelectric
phase transitions at 377.0(5) and 378.1(5) K, respectively. Owing to particularly simple structure,
built of linear NH---N bonded aggregates, the spontaneous polarization of the crystals can be
straightforwardly calculated from ionic displacements. The -NHN bonded structures have been
compared with transformations of analogous bistable- OB hydrogen bonds in ¥ ices and
KH,PO,-type ferroelectrics. [S0031-9007(98)08248-9]

PACS numbers: 61.50.Ks, 65.70.+y, 92.40.Sn

Properties of many substances depend on specific fethhe NH- - - N hydrogen bonds, which may lie exactly along
tures of hydrogen bonds. This applies equally to water [1ihe direction of the aggregates which they form. Nearly
built of small H,O molecules and to living tissues built ideal linear NH - -N hydrogen-bonded chains have been
of huge biopolymers [2]. The hydrogen bonds are di-found in the crystals of dabco perchlorate [14]. Disorder-
rectional, but much weaker than covalent bonds bindingng of the proton, and even its centering between the nitro-
atoms into molecules. Therefore the hydrogen-bonded agien atoms, has already been observed in so called proton
gregates easily undergo transformations, induced by breakponges [15], where intramolecular- NHN* hydrogen
ing and formation of alternative hydrogen bonds, protorbonds are squeezed due to strains in molecular skele-
transfers, or proton disordering. Such transformationsons. Recently the mechanism of concerted H transfers in
change properties of crystals and enable the biopolymedH - - - N bonded molecular dimers was investigated [16].
to perform their living functions. The transformations of It was also established that the H site in the-NHN or
hydrogen bonds can be conveniently studied in crystaldl---HN™ hydrogen bonds is coupled to the molecular ar-
undergoing structural phase transitions, but of the crystaleangements and to proton-anion distances [17]. This im-
with biologically most common NH--O, OH---O, and plies that the NH--N hydrogen-bonded crystals should
NH - --N hydrogen bonds, only those OH O bonded are also undergo phase transitions coupled with H disorder-
known to undergo phase transitions connected with proing. Indeed, the phase transitions in dabco perchlorate
ton disordering, for example, @ ices or KHPQO, (KDP) (dabcoHCIQ) and tetrafluoroborate (dabcoHBFrystals,
ferroelectrics [3]. We demonstrate here that similar transfully confirm this supposition.
formations also occur in the NH-N hydrogen-bonded The dabcoHCIQ and dabcoHBEF crystals are
monosalts of diazabicyclo[2.2.2]octane (dabca)HEN,,  isostructural: they crystallize in the orthorhombic space
which are ferroelectrics of potential technological impor-group Pm2,n and form colorless plates with the shortest
tance. The N--HN hydrogen bonds are considerably dimension along[ y] and the longest alongz]. The
weaker and longer than their-© HO counterparts, and crystals contain chains of hydrogen-bonded dabcoH
they may shed new light on the mechanism of the phaseations, as illustrated in Fig. 1. At room temperature
transition in the HO ices and KDP-type ferroelectrics [4— the acidic hydrogen atoms are ordered in the NHN™
8]. Transformations of OH - O hydrogen bonds in ices hydrogen bonds. A high-temperature phase transition has
and alcohols are mainly attributed to rotations of the wabeen observed in dabcoHCJ@t 7. = 377.0(5) K and in
ter molecules and OH groups, although H transfers are natabcoHBRE at 7. = 378.1(5) K (see Fig. 2). Also low-
ruled out [9—11]. Theoretically predicted ferroelectricity temperature phase transitions related to conformational
of alcohols or ices [12] still lacks convincing experimental properties of the dabcoH cations, and to triggering of
evidence. From the topological point of view, the disad-hindered rotations of the cations and anions about their
vantage of studying OH - O hydrogen bonds is that oxy- pseudo-three-fold axes along the hydrogen-bonded chains
gen atoms form zigzaglike motives in hydrogen-bondedFig. 1), have been detected below 200 K. This type
networks. The hydrogen bonds in such aggregates are usof molecular dynamics is consistent with the solid-state
ally inclined to the chemical bond of the oxygen atom, orNMR results for the dabco salts [18]. The spontaneous
to other hydrogen bonds by abol9° or 120°. Similar  polarization hysteresis loop and the anomalous increase
zigzag chains are formed in the hydrochloric acid crystalsin dielectric permittivity (Fig. 3) testify to the ferro-
where the ferroelectric phase transition induced by the orelectric nature of the high-temperature phase transitions
set of H ordering in the CI- - HCI bonds is due to freezing at T.. Broad precursory effects evident from calori-
of the molecular rotations [13]. This does not apply tometric measurements testify to the increasing dynamic
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FIG. 1. Structure of the dabcoHCJCcrystal viewed down °
axis [y]. The hydrogen bonds are indicated as dashed line: . R
and the H atoms as small circles.
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disorder of the ions starting from abo(#.-60) K. The
transition enthalpy is 06.6(4) kJmol'! and entropy of —r — ———————
14.9(8) Jmolr ' K~! for dabcoHCIQ and, respectively, 320 340 360 380 400

4.4(3) kImol ! and11.6(7) Jmol ! K~! for dabcoHBE.
The first-order character of the transitions is apparent from
the temperature hystereses®f of about 2 K, and from FIG. 3. Dielectric permittivity measured in the heated (o) and

: P : e : . - cooled () dabcoHBE crystal along axi$ y]. The inset shows
the dlscontlnum_es in dielectric perm|'tt|V|t|es (Fig. 3) orin the ferroelectric hysteresis loop for the same sample at room
thermal expansion of the crystals (Fig. 4). o temperature.

Above T. the crystals become tetragonal, as indicated

by the temperature dependence of the unit-cell dimensions
(Fig. 4), and they assume centrosymmetric space group
P4/mmm According to the symmetry change the crystals
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classified as proper ferroelectrics and improper ferroelasaxes, inconsistent with their own symmetries. The crystal
tics [21], although the dielectric permittivity is relatively symmetry requirements are satisfied by the orientational
low in the vicinity of T. both in the para- and fer- disorders of the cations about the line passing through the
roelectric phases. Thus two ferroelastic states [22] ar®l atoms, and of the anions about one of the bonds. Dy-
formed with domain walls (110) and10), referred to the namical rotations are observed in dabco salts even below
prototypic phase shown in Fig. 5, and four ferroelectric200 K [18]. Owing to fluctuations of the potential barri-
domains [23] with two opposite sences of spontaneousrs to the rotations, the sites of the atoms in rotating ions
polarization along direction [110], and two alofgl0] are smeared along the circles perpendicular to the four-
(directions [100] and [010], respectively, of the ferroelec-fold axes. We have modeled this type of the structure dy-
tric phase shown in Figs. 1 and 6). Considerable sponramics with partially occupied atom sites closely located
taneous strainad/b = 1.11 at 293 K) favors the growth around the circles (Fig. 5). This model agrees perfectly
of single-domain crystals, which was confirmed by x-raywith the x-ray diffraction data, gives low reliability factor
diffraction. However, cycling througff, results in the wR?2 of 0.033 for 148 observed symmetry-independent re-
multidomain structure. The changean of the ferroelec- flections, and allowed the hydrogen atoms at all the disor-
tric phase after the as-grown sample is heated and cooleatéred sites of the carbon and nitrogen atoms to be located
through T, can be ascribed to the formation of the do-from difference Fourier maps and refined with isotropic
mains. In the paraelectric phase of dabcoHCBe cen- thermal parameters. Disordering of the perchlorate anion
tral Cl atom of the anion and the acidic H atoms haves due to its rotations about the central Cl atom and to its
been located, each in two disordered sites, as illustrateldopping between two sites 0.543(10) A apart (Fig. 5). A
in Fig. 5. Because of the disorder of protons and anionssimilar type of CIQ™ disorder, but without rotations, was
the chains of hydrogen-bonded cations loose their polapreviously observed in another crystal [24]. The differ-
ization. This result is corroborated by the appearance oénce in the total transition entropy gain, closertim 6 for

a sharp extra line in the solid statel NMR spectrum dabcoHCIQ and toR In4 for dabcoHBER (R is the gas

of dabcoHCIQ at 392 K, absent when the protons areconstant), indicates that the BF anions may be disor-
exchanged by deuterons, which can be assigned to fadered to a lesser extent. The displacements of the anions
transformations of the N - HN* hydrogen bonds [18]. In result in fluctuations of the negative charge along the di-
the paraelectric phase the ions are located on the fourfolaection of chains, which can activate the proton transfers
through the barrier separating two potential-energy min-
ima and become coupled with the proton hopping in the
N---HN™ hydrogen bonds [17]. The proton hopping can
be further facilitated by strong vibrations of the cations
bumping against each other in the chains and so causing
fluctuations in the height of the potential energy barrier

FIG. 5. Disordered structure of the dabcoHGI®ystal in the
paraelectric phase at 380 K. Partially occupied sites of the C,
H, O, and Cl atoms and fully occupied sites of the N atoms
constitute the model obtained from x-ray diffraction. Axe$ FIG. 6. View of the dabcoHCIQ structure at 293 K along
of the paraelectric and ferroelectric phases are colinear, whiléhe hydrogen-bonded chains. All dabicoations are displaced
[x] and[ y] lie at about45° to their counterparts. along[ y] by & respective to the CIQ anions.
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separating the proton sites. On lowering the temperaturies of deuterons compared to protons. Thus the elevated
of the dabco salts below,, the onset of ordering of the pressures are expected to incre@sedifferently than in
anions and protons alorig] restores the close packing ar- KDP. The mixed transformations, involving disordering of
rangement and the cations and anions displace from theihe H atoms coupled with clear disordering and displace-
equidistant sites in the tetragonal phase. This breaks theents of the other structural units, may be characteristic
tetragonal symmetry of the paraphase and results in thef longer hydrogen bonds, like the-N HN* ones. Simi-
spontaneous polarization. lar molecular-scale transformations are likely to assist the

The exceptionally simple structure of the ferroelectricfunctions of biological systems.
dabco salts allows their spontaneous polarization to be This research was supported by the Polish Committee
easily calculated from the displacement of the ions. Fofor Scientific Research, Grant No. 3T09A01511.
example, the BF anions and dabcoH cations are
displaced by 0.626(1) A alonpy] at room temperature,
as illustrated in Fig. 6, which gives the spontaneous
polarization of4.34 wC/cn?, identical within error as
recpeaive values for GabooHare 0.A0GTC) Aland ,CoTesponding autror
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