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Phase transitions in the layered structure of diguanidinium tetraiodoplumbate
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Sterical effects and the coupling between the cationic dynamics and the anionic-supralattice distortions lead
to a series of phase transitions in the crystals of diguanidinium tetraiodoplurhBédé,) 5], " - Pbl,>~ . The
crystals have been characterized by dielectric and calorimetric measurements at ambient and high hydrostatic
pressures, as well as by single-crystal x-ray and neutron-powder diffraction at varied temperatures. At 287 K
the crystal structure is monoclinic, but the strongly corrugated polyanionic sheets approximate the orthorhom-
bic symmetry of the high-temperature phases. Guanidinium cations are enclosed in voids within the polyan-
ions, and in channels between the neighboring sheets. At 0.1 MPa and 307 K the monoclinic phase undergoes
a ferroelastic second-order transition to the orthorhombic phase, and at 356 K another continuous transition to
the orthorhombic phase with the unit cell reduced four times in volume. The phase diagram reveals an unusual
character of the pressure-induced transition with a critical point at 245 K and 270 MPa. Also a triple point at
358 K and 780 MPa has been detected. The mechanisms of the phase transitions have been postulated.

[. INTRODUCTION the mechanism of the transformations due to their lower di-
mensionality.
The crystals of general formula,MX,, whereA is a A further extension of this series of transformable mate-

molecular cationM a divalent metal, anX a halogen, form rials is presented in this report. Recently a new member of
various structures, mainly with anionic sublattices built ofthe A,MX, family, diguanidinium tetraiodoplumbate,
the M X, octahedra shearing faces, edges or corners. In theC(NH,);],"Pbl,>~ hereafter referred to as,8bl,, with
latter most common case the crystals have the layeredhe anionic sublattice pattern identical to that in\B&,, was
perovskite and perovskite-type structures, and are simplgynthesized! By increasing the size of the octahedral blocks
models of interionic and interlayer interactions, phase transipyijiding the polyanionic layers we managed to include two
tions, as well as of property-structure relations. In many regrganic cations in the voids between the sheets, in one
spects they resemble transformations in three-dimension@lariym dication stead. This creates a new quality, because

ABO; perovskites, main components of the Earth crust, andyganic cations of diverse sizes and shapes may be intro-
in somewhat more complex high-temperature superconducH

The | d struct low-di ional | gced into the crystal, and transformations of such materials
ors. The layered structures are jow-dimensional analogues b, , e jnqyced by various configurations of cationic orienta-

epitaxial layers characterized by high layer homogeneity ions assumed in the lattice. The cations interact with their

and provide convenient objects for studying electronic anc} . . . - " . )
optical phenomena resulting from size-related quantumnelghbors n the a_djacent cavme_s, a_nd addltlonal mtera_lctlons
of the cations with the polyanionic sheets is prominent.

effects!~3 A characteristic feature of layered structures is aTh . : b dified and th h
high susceptibility to thermodynamic parameters of temperai "€S€ Interactions can be moditied and they change proper-

ture or pressure, disturbing the balance between interactio€S @nd the mechanisms of the phase transitions of the crys-
of the ions and the layers, and leading to phase transitionst@, While the system preserves the simplicity of a layered

Owing to the simplicity of theA,MX, structures, new Structure. The structure of Bbl, offers a unique opportu-
materials can be engineered and their properties can be tun8iy to study dynamics and transformations of strained or-
by combining various layer and interlayer componérits. ganic monolayers, and to compare them with the analogous
The phase transitions in organic-based halogenometallat@gonolayers epitaxially grown on covalent or ionic matrices.
arise essentially from disordering conformation or orienta- Previously reported calorimetric studies revealed a con-
tion of the cations, or from rotational distortions of the an- tinuous phase transition in,8bl, at 307 K, associated with
ionic sublattice$:” The freezing of rotational modes of the a transition entropy suggesting its order-disorder nattize.
MXg octahedra is responsible, among other factors, fopossibility of an additional transformation near 170 K was
ferroelectric properties and incommensurate modulations afdicated by proton NMR studi€€.The results of structural,
the crystals from the BdF, family,>~°whereM is Mg, Mn,  calorimetric, dielectric, dilatometric, and high-pressure mea-
Fe, Co, Ni, Zn, etc. These compounds, particularly fluorinesurements presented in this report clarify the phase relations
analogues of perovskites, were promising materials for fasand reveal an intriguing mechanism of the phase transitions
electronic devices. The layered B&, compounds, where in G,Pbl,, which may be a common feature of many salts
like in perovskites the phase transitions are connected witbuilt of layered anionic frameworks containing organic cat-
displacements of the octahedra, offer a simpler insight intdons.
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20 monochromator was used for x-ray studies. The temperature
was controled with a stream of air, and stabilized automati-
cally within 0.5 deg. The unit-cell dimensioriBig. 2) were
obtained by least-squares fits to 40 automatically centered
reflections. It was clearly established from the unit-cell di-
mensions and by comparing equivalent reflections in the
Laue classmmm that the crystals become orthorhombic
aboveT,=307 K. Intensity data were collected at 287 K.
The 6-26 scan mode at variable speed ranging from 1.0 to
30° min! depending on reflection intensity was applied.
—————— 0 Two control reflections measured every 200 current reflec-
150 200 250 300 350 400 tions showed no systematic change in their intensity through-
Temperature [K] out the data collections. The intensities were corrected for Lp
FIG. 1. Specific heatupper curvée and transition entropies effects and absorption. The structure of the low-temperature
(lower curve of G,Pbl,. The phases are labeled by the Roman phase, d'enoted Ill, was solved by the Patter.scl)n' methoq. Af-
numbers indicated in the plot ter locating the Pb and | atoms, two guanldmlu.m cations
were located il F maps. The geometry of the cations were
constrained to the dimensions observed for strongly vibrating
structures, C-N of 1.31 ARefs. 14 and 16and N-H of
Specific heat measurements were performed by differer@.86 A. The Pb and | atoms were refined with anisotropic
tial scanning calorimetryDSC) on a Perkin-Elmer DSC-7 temperature factors, while the C and N atoms with isotropic
calorimeter. A polycrystalline sample of 47.7 mg was placedones. Details of the data collection and structure refinement
in a nonhermetic aluminum cell in the nitrogen atmosphereare given in Table I. The calculations were performed with
Temperature was changed at a rate of 10 KthifThe tran- programsHELXL,'® atomic scattering factors were those in-
sition entropies were calculated from tBg(T) dependence. corporated in this program. The final atomic parameters are
Magnitudes of total entropy gain are sensitive to the choicdisted in Table II.
of the base line, and a proper estimation of the base line is
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Il. EXPERIMENT

the main difficulty when studying thermal anomalies stretch- IIl. RESULTS
ing over a long range of temperatures. This was the case in -
G,Pbl,, where overlapping signals of two phase transitions A. Specific heat between 135 and 385 K

extend to over 110 KFig. 1). In order to determine the base ~ Two thermal anomalies have been found in the tempera-
line, the normal part of the temperature dependenc€af  ture dependence of specific heat between 135 and 388«
denotec{:g was fitted by a polynomial and then extrapolatedthe upper curve in Fig.)1 The jump in specific heakC,,
to the anomalous region. The uncertaintyf determina- =0.583 Jg1K! at T,=307 K corresponds to the con-
tion estimated by probing alternative models reproducing théinuous phase transition observed earlfewhile the other
base line reaches 20%, much higher than the apparatysmp AC,,=0.063 Jg 1K~ marks a new phase transition
2-3 9% accuracy. at T,=356 K. The high-temperature phase existing above
Dielectric measurements were performed with an imped356 K will be referred to as phase |, the phase between 356
ance analyzer HP 4192A in the frequency range from 10 kHand 307 K as phase Il, and the low-temperature phase as
to 13 MHz. The single crystals with golden electrodes de-phase Il
posited by evaporation on the surfaces perpendicular to the The character of thermal anomalies, as well as no tem-
main crystallographic directions were analyzed. The elecperature hysteresis, are characteristic for continuous phase
trode surfaces of the crystals cut perpendicular to ax@sd  transitions. The anomalous parts of entrap$ due to the
c were of about 1 mi and of 6 mm perpendicular td. phase transitions as a function of temperature are given by
Dielectric constant and tangent of dielectric losses were meahe lower curve in Fig. 1. The transition @ is accompa-
sured between 100 and 400 K, and the temperature wasied by the total entropy gaitS,=8.7 JK *mol~ %, which
changed at the rate of 0.5 K mih corresponds t&R In 2.7 (R is the gas constanindicating that
The influence of hydrostatic pressure on thg>@l, struc-  this phase transition has an order-disorder character. Taking
ture was studied by differential thermal analy$iBTA).">  into account the uncertainty ihS, (see Sec. )| the increase
Helium and nitrogen were used alternatively as pressurén the number of configurations in phase Il can be estimated
transmitting media. A polycrystalline sample was encapsuas between two and four times. Relatively small entropy
lated in an indium vessel. The measurements were performeashangeAS;, of 2.1 JK *mol™ %, indicates a displacive na-
under a pressure from 0.1 to 900 MPa and in the temperatui@re of the phase transition dt,. In the low-temperature
range from 150 to 400 K. The temperature was changed atgion below 200 K no anomalies in ti@,(T) dependence
the rate of 2 Kmin'. The transition temperatures used in could be ascribed to a phase transition proposed from solid-
the p-T phase diagram were determined on heating thetate 'H-NMR at about 170 K2
sample as the onset or maximum of thermal anomaly, re-
spectively, for the first-order and continuous phase transi-
tions. The transitions temperatures were not corrected for the
rates of temperature changes. The character of changesir, ¢, ande with tempera-
A KUMA-4 diffractometer equipped with a graphite ture is similar, and illustrated by, (T) shown in Fig. 3. A

B. Dielectric properties
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TABLE I. Crystal data and structure refinement fosRbl, at

287 K.

Chemical formula
Wavelength
Crystallographic system
Space group

[C(NH,)3],™ - Pbl**

0.71069 A
monoclinic
P2,/n

13.6

T4 ot
Wt ¢

4 Unit-cell dimensions a=12.831(2) A
b=27.052(5) A
c=9.298(1) A
B£=90.81(1) deg
Unit-cell volume 3227.0(8) A
+ z 8
' Density (calculated 3.437 Mg/ni
Absorption coefficient 18.09 mnt
Crystal size 0.0%¥0.01X0.03 mm
© range for data collection 1.51-23.33 deg
Reflections collected 7645
Independent reflections 49R,,,=0.0709
Refinement method Full-matrix least-squaresFén
Data/restraints/parameters 4504/24/160
Goodness-of-fit ofF2 1.017
Final R indices[1>20(1)] R1=0.071wR2=0.146
Extinction coefficient 0.000284)
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850 T T 6 C. Temperature dependence of lattice dimensions
2 1

The continuous character of the phase transition$,at
L 4 andT, is consistent with the observed changes in the crystal
unit cell parameters with temperature, shown in Fig. 2. The
unit-cell dimensionsa and b double when the crystal is
- cooled throughT,, however the crystal expansion hardly
changes af; for parameterd andc, and is best visible for
parametea. Much more profound anomalies are observed in
the lattice parameters on heating the crystal throdgh
Apart from the spontaneous strain distorting angldérom
90°, strong anomalies appear in the temperature dependence
- -2 of a and b. They cannot be ascribed to secondary effects
following the monoclinic distortion, but they rather indicate
a complex mechanism of the phase transition between the
- -4 orthorhombic and monoclinic phases. As expected for con-
tinuous phase transitions, the crystal volume is weakly af-
fected afT; andT,. The temperature dependence of the unit-
cell volume was fitted by polynomial functions separately for
each of the phases, and then the coefficient of volume ther-
mal expansiong, was calculatedisee Fig. 20)]. The steps
(b) in the volume thermal expansion coefficienfTatandT, are
Aa;=15x10"% K™ and Aa,=4x10"% K1, respec-
FIG. 2. Temperature dependence of unit-cell dimensiondively.
a,b,c,B (a), as well as of two GPbl, formula-units volumeV (i.e.,
the unit-cell volume in phase hnd the volume thermal expansion
coefficienta (b) between 280 and 420 K. For phases Il and Il
where parameters andb are doubled compared to phase |, halves
of these parameters have been plotted.
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D. G,Pbl, structure

The GPbl, structure is built of two-dimensional corru-
gated sheets of the (PP}?~ polyanion perpendicular to
[010], and of guanidinium cations occupying cavities within
gradual anomalous increase in the dielectric constant is olihe polyanions and voids between the sheets, as shown in
served whenT, is approached from the low-temperature Fig. 4. These voids will be further referred to as “cage” and
side, while only a small anomaly marks the phase transitiorfchannel” voids, respectively. The cage and channel cavi-
at T;. No dielectric relaxation process was observed in thdies are approximately similar in shape and size, 6.3 A along
applied range of the measuring field frequencies. [y] and[ z]. Phase Ill is monoclinic, space gro®2; /n with
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TABLE II. Atomic coordinates and equivalent isotropic dis-
placement parameters ¢ffor G,Pbl,. Ueq is defined as one third

PHASE TRANSITIONS IN THE LAYERED STRUCTUE . ..

of the trace of the orthogonalizdd;; tensor.

X y z Ugq
Ph(1) —0.2568(5) 0.0848) 0.24918) 0.0382)
1(2) —0.0032(8) 0.075%) 0.306413) 0.0533)
1(2) 0.253%9) 0.00425) 0.000913) 0.0493)
1(3) —0.2198(11) 0.1595) —0.0066(14) 0.06@)
1(4) —0.2596(9) 0.1676) 0.477713) 0.0533)
Ph(2) 0.24495) 0.089@2) 0.25748) 0.0392)
1(5) 0.49608) 0.10245) 0.199612) 0.0533)
1(6) 0.29139) —0.0011(4) 0.49912) 0.0483)
1(7) 0.26229) 0.16935) 0.498213) 0.0573)
1(8) 0.202@9) 0.16735) 0.025313) 0.0553)
C(1) 0.0024) —0.063(3) 0.2267) 0.065)
N(1) 0.0037) —0.058(6) 0.0827) 0.096)
N(2) —0.090(4) —0.062(6) 0.29811) 0.075)
N(3) 0.0905) —0.074(5) 0.29010) 0.064)
C(2) —0.010(5) —0.235(2) 0.27111) 0.096)
N(4) 0.0596) —0.260(3) 0.19aL1) 0.187)
N(5) —0.102(6) —0.256(4) 0.30212) 0.095)
N(6) 0.0089) —0.187(3) 0.30QL3) 0.096)
C(3) 0.5095) —0.252(3) 0.166L4) 0.138)
N(7) 0.5588) —0.216(3) 0.09812) 0.129)
N(8) 0.56438) —0.286(6) 0.24@3) 0.268)
N(9) 0.4049) —0.241(7) 0.2129) 0.198)
C(4) 0.52Q5) —0.083(3) 0.2621L0) 0.054)
N(10) 0.5996) —0.106(5) 0.2012) 0.096)
N(11) 0.4689) —0.047(5) 0.18e1L1) 0.106)
N(12) 0.4989) —0.092(5) 0.39aL1) 0.085)

1029

(b)

FIG. 4. The GPbl, crystal structure in phase Ill at 287 K
viewed (a) down [001], and (b) down [100]. Two symmetry-
independent channel voids, running ald0§1] and separating the
polyanions are indicated with full-line circles in drawirtg); the
central lines of the channel voids have approximate coordinates
0,1/4z, and 1/2,1/4; the guanidinium cations lie & coordinates
close to 1/4 and 3/4 along these channels. The channel voids are
perpendicular to drawinga) and they are vertical in drawin).

The approximate coordinates of two symmetry-independent cage
voids, formed between the Rlbctahedra within the polyanion, are
0,1/12,3/4, and 1/2,1/12,3/4. Two cage voids are indicated by

two symmetry-independent ,8bl, formula units; space broken-line circles in drawinga).

groupPn was rejected in th&factor test.’ which was con-

sistent with the absence of piroelectric effect. The MONOypproximates orthorhombic space gra@mem This pseu-

clinic structure of phase lll, with halved parametarandb,

11

7

_~

150 200

250

300 350

Temperature [K]

400

dosymmetry is lowered in phase lll, to the quadruple unit-
cell and to the centrosymmetric space gra@, /n, due to

tilts and small distortions of the Ppbctahedra, as well as
due to misorientations of the guanidinium cations. The
guanidinium cations are weak x-ray scatterers compared to
much more strongly scattering Pb and | atoms. Conse-
quently, the cations were located with difficulty and refined
as rigid groups. More convincing observations doubling pa-
rametersa andb of the pseudosymmetriemcmunit cell are
distortions of the PRl octahedra clearly visible in Fig.(d)

and in the dimensions of the polyanion, listed in Table IlI.

IV. DISCUSSION

A. Ferroelastic phase transition atT,=307 K

The reduction of the crystal symmetry from the ortho-
rhombic to monoclinic system implies that two orientational
states appear in low-temperature phase Ill. The crystal
samples observed in the polarized light revealed domains
with (001) and (100 walls, as expected for themmR2/m
species® The appearance of the ferroelastic domains arises

FIG. 3. Temperature dependence of a real part of dielectric confrom spontaneous shear stresg. In the microscopic scale
stant measured for the,8bl, single crystals alon§010].

the nonzero value o153 implies a distortion of the anionic
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TABLE Ill. Bond lengths (A) and anglegdeg for G,Pbl,.
Symmetry transformations used to generate equivalent atoms: 8 -
L—x,—-y,—z %2 x-1y,z % —x,—y,1-z; 4 x+1y,z
x10°
Ph(1)-1(1) 3.30012 Pb(2)-1(1) 3.24312)
Pb(1)-1(23) 3.352) Pb2)-1(2) 3.312) 6 7
Ph(1)-1(3) 3.152) Ph(2)-1(7) 3.132)
Ph(1)-1(4) 3.092) Ph(2)-1(8) 3.07014) -
Ph(1)-1(5 D) 3.23312 Ph(2)-1(5) 3.29412) o 4
Ph(1)-1(6 ?) 3.29413) Ph(2)-1(6) 3.36214)
1(1)-Ph(1)-1(2 3) 91.93) 1(1)-Ph(2)-1(2) 94.1(4) 2
1(1)-Ph(1)-1(3) 90.44) 1(1)-Pb(2)-1(5) 178.14)
1(1)-Ph(2)-1(4) 88.44) 1(1)-Pb(2)-1(6) 89.003)
(1 l)-Pt(l)-l 5) 175.94) 1(1)-P(2)-1(7) 91.84) 0 T T
1(1)-Pb(1)-1(6?) 88.903) 1(1)-Pb2)-1(8)  91.04) 290 300
Temperature [K]
1(2 3)-Ple)-I 3 86.1(4) 1(2)-P(2)-1(5) 84.93) (a)
1(2 3)-Pt(l)-l (4) 179.64) 1(2)-Ph(2)-1(6) 88.24)
1(2%-PhD)-1(5Y)  92.03) 1(2-PH2)-1(7)  174.04) 600
1(23-Pb(1)-1(6%)  90.04) 1(2-Ph2)-18)  89.04)
1(3)-Ph(1)-1(4) 93.54) 1(5)-Ph(2)-1(6) 91.83) s
1(3)-Ph(1)-1(5Y) 87.94) 1(5)-Pb(2)-1(7) 89.34) ';
1(3)-Ph(1)-1(6?) 176.04) 1(5)-Pb(2)-1(8) 88.24) — 400 -
1(4)-P1)-1(5Y)  88.04) 16)-Pb2)-1(7)  91.1(4) g
1(4)-Ph(1)-1(6 ?) 90.44) 1(6)-Ph(2)-1(8) 177.44) c ¢
1(5Y-P(1)-1(6%)  93.23) (7)-P2)-1(8)  91.74) ea
Ph(1)-1(1)-Pb(2) 159.45) Ph(1 4)-I(5)-Pk12) 156.95) S 200
Ph(13)-1(2)-Ph2) 177.55) Pb(1?)-1(6)-Pb2) 161.84) .
sublattice. Within one polyanionic layer, parallel to plane 07 ‘
(010), the Pb} octahedra form two symmetry-independent T T
zigzag chains alonfg], as shown in Fig. 4. The zigzag motif 240 280 320
of the chains lie approximately in t{&00) planes. The PRl Temperature [K]
octahedra neighboring alorjg] are symmetry-independent.
The nonzerar,3 induces nonorthogonality betwearandc, (b)

corresponding to small translations of the zigzag chains
along[z] with respect to their neighbors. This is manifested
by the monoclinic distortion of3, which is related to the
spontaneous shear straie;; according to the simple

FIG. 5. Temperature dependencigs of the order parameter,
spontaneous straie;; and (b) of the excess heat capacity(
—Cp), whereC} denotes the normal part @, . Solid lines show

equation*®

ey3=tarf (8—90°)/2]. (1)

The temperature dependenceegf is shown in Fig. £a).
Landau’s mean-field approximatith??was used to de-

scribe the temperature dependenceegfand of the excess

heat capacity. The free-energy expansion in the form

F=Fo+aty’+bp*+cn® 2

has been used for describing the transitioT gtwhereF
denotes the free energy of the high-temperatdisordered
phase, and is the reduced temperaturte= (T—T,)/T,. The

the functions fitted to these data according to E@.and (5),
respectively.

whereT* =T,+ (b?T,/3ac), andA= (b/3c)*2
The excess heat capacity can be approximated by the for-
mula:

Cp—Cp=BT(T*~T) 12 ()
whereB=[a%(12cT;)]*? andC} is the normal part o€, .

The experimental values of the order parametgrcan be
well described by Eq(3), with the goodness-of-fit of 0.997,

temperature dependence of the order parameter resultid§d: X&) The values of parametefs andA obtained form

from Eq. (2) is:

(T* _ T) 1/2

:A —_—
7 (T*_T2)1/2

12
l] , ()

the least-squares fit of the data to E8) are 307.70 K and
3.085, respectively. Equatiori4) could be well fitted
[goodness-of-fit 0.9994, see Fig(bp| to the measured ex-
cess heat capacity after including an additional constant term
B':
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Co—Co=BT(T*-T) %+ B'. (5) Pb1

Parameterd]3 and B’ assume values 0.9844 J&?mol*

and —29.8339 JKmol !; the value of parametéf* ob-

tained from Eq.(3) was applied. The negative value of pa-
rameterB’ may be due to critical fluctuations close to the
transition?® although it would require the exponent different 1
from 0.5, or to the choice dtg. However, these conclusions
should be verified by more precise adiabatic-calorimetry
measurements. It is possible that apart from the order param- Pb2 &
eter related to the spontaneous shear strain, yet another pa-
rameter related to ordering of the cations in the cage voids
may be required in Landau’s expansion of the crystal poten-
tial.

The appearance of nonzeeg; can be hardly explained
only in terms of the anionic sublattice, without referring to
its interactions with the cations or to the interactions between
the cations. The triangular symmetry of the cations is incom-
patible with the rectangular shape of the voi@sy. 4 and
their interactions may lead to the monoclinic deformation of
the polyanions. The iodine atoms vibrate most strongly per-
pendicular to their bonds to Pb, consistently with the so- FIG. 6. Four symmetry-independent guanidinium cations en-
called “riding model” of lighter atoms vibrating around a closed in the neighboring channgeft) and cage(right) voids in
heavier atom to which they are chemically bond&dt is  phase Ill of GPbl,.
apparent that higher temperatures increase the amplitudes of
vibrations of the iodine atoms, and in this way they compresgations is accompanied by the anomalous shortening. of
the contents of the voids. However, higher temperatures alsbhe ordering of the cations also differentiates their interac-
enhance vibrations of the light and bulky guanidinium cat-tions with the walls of the cage voids, and distorts the an-
ions, which thus exert higher pressure on the walls of th@onic sublattice(compare Figs. 4 and)6Thus, both pro-
voids. The process of compressing the voids is temperatureesses of cationic disordering and of the shear deformation
sensitive, because the strongest vibrations of the iodine a&re coupled.
oms are normal to their bonds to Pb. It is reasonable to
assume that the terminal ioding8), 1(4), I(7), and (8) are
most mobile, because their positions are stabilized only by
one covalent bond to Pb. Therefore the volume of the cage The phase transition between phases Il and | is associated
voids decreases more strongly on the side of the terminakith a relatively small entropy change, does not affect no-
iodines, and consequently the guanidinium cations in thdiceably the cations dynamit’sand is poorly manifested in
cage voids change their orientations with temperature. Thdielectric properties of the crystdbee Fig. 3. Thus the
temperature dependence of dielectric constant figgFig.  mechanism of the transition at; can mainly involve the
3) reflects a change in polarity of the cation-anion systemgistortions in the anionic sublattice. The most flexible frag-
which may result from the increased mobility of the cations.ments of the polyanionic layers are the Pb-I-Pb bonds, so it
This process cannot be related to the reorientations of this plausible that abové; the Pb(2)(6)-Pb(1') and Plf1)-
guanidinium cations about the@; axes occurring in phase [(5)-Ph2) angles straightenfatom labeling of phase llI
1,12 as the cation does not have a permanent dipole mdhas been adopted for this discussion, and the prime denotes
ment. It is plausible that the changes dn are related to the atom transformed according to the symmetry code:
other types of motion of the cations: their hopping betweerl —Xx,—Yy,1—2). Indeed, Fig. 2 shows that the largest
different positions in the voids, or the tumbling motion of anomaly in the thermal expansion of phase Il is observed
one of two different guanidinium cations postulated on thealong[x]. This anomaly can be directly connected with the
basis of'H NMR second moment measuremetftédolecu- changes in the Rb)-1(5)-Ph2) and Pb(2)-1(6)-Pb(1)
lar motions of this kind would produce fluctuations of the angles. Due to their straightening®t an anomalous length-
local dipole moments, which could contribute both to theening ofa is observed, and this parameter approximates the
real and imaginary parts of dielectric constant. This is consum of the Pb-I bond length measured in phasésiée Fig.
sistent with the high entropy of the transition &. The 4). Moreover, the tilts of the Pploctahedra, resulting from
temperature dependence of the lattice parameters and tiige nonlinear Pb-I-Pb angles, are the main distortions respon-
pressure dependence of the struciisee Sec. IV Cstrongly  sible for doubling unit-cell dimensions and b in phase I,
suggest that these are the guanidinium cations in the cagehen the guanidinium cations are disordered. Abdyehe
voids, which become activated. The disordered cations odranslational symmetry of the crystal alofg] and [y] is
cupy larger volume and their interactions with the atomshalved, which has been confirmed by the single-crystal x-ray
forming the walls of the cage voids are effectively moreand powder neutron-diffraction studi&s.Due to these
uniform and stronger, leading to an increase in the distancehanges octahedra @l and Pb(2)4, symmetry indepen-
between the zigzag chains alohd (see Fig. 4 When tem-  dent in phase lll, become symmetry related. It follows from
perature is lowered belowW,, the onset of ordering of the the reduction of the unit-cell volume in phase | that thegPbl

Pb1 &

B. Phase transition atT,;=356 K
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FIG. 7. Phase diagram of ;8bl,. The solid line denotes the 300 320 340 360

first-order phase transition, the dashed lines denote second-order Temperature [K]

phase transitions, and the dotted line extrapolates the transition be-
tween phases Il and IV to zero pressysee the text The small
open circle marks the critical point estimated from th&;(p,T)
function.

FIG. 8. Exemplary DTA runs on heating and cooling thé*Gl,
sample, as indicated by the arrows, for the pressure of 510 MPa,
much lower than the triple point at 780 MPa, close to the triple
point (730 MPg, and above (820 MPa.

octahedron is located on a point-symmetry element, which . - :
imposes geometrical constrains on thegRbimensions. This applied to the F"?‘”S'“O” between phases_llland .”I gives the
symmetry requirement modifies the coordination of the ppressure qoeﬁmerﬂsz/dpz 0.062 KMPa " which well
atom. This results in the color change of thegRBl, crystals agrees W|th_1the experimentally determined value of
from deep yellow to light red when the temperature increaseg'067 KMPa ™. o . . .
aboveT;. This is connected with the shift of fundamental The most siriking feature of this phase diagram is a

absorption edge of the crystal, and confirms that diSIolaceF_)ressure-mduced transition from phase Ill to a new phase

ments of the iodine atoms, as well as modifications of thedenoted IV. This transition has a clearly first-order character

electronic structure of the Ppbctahedra take place. Analo- manifested by temperature hysteresis of about 3 K, as seen

gous dependence of the fundamental absorption edge and t gg:)l;hee Cho:l;?gdaer;gc?ae;tlngt II?)TAe runes sho;/vn mhglgt.h?e. tlt
anionic geometry was observed in alkaline halide s hardly € al lower pressures, when ran-

crystals?6:2’ sition temperaturel g dgcreasgs bel_ow 279 K. At ambient
pressure no anomaly in calorimetric or dielectric measure-
) ments could be detected about 155 K extrapolated for the
C. p-T phase diagram of GPbl, zero pressure, as indicated by the dotted line in Fig. 7. Also
Owing to minute changes in dielectric permittivity and no anomalous changes in lattice constants nor in the symme-
thermal properties of @bl, at T, transition between phases try of the crystal could be found by powder neutron-
Il and | is hardly detectable by dielectric or calorimetric diffraction measurements. These results can be explained
methods under high pressure. However, for continuous phad# the isostructural character of the phase transition between
transitions the pressure dependence of the transition temper@hases Il and 1V, and by the existence of a critical point.

ture can be estimated from Ehrenfest’s relation: The boundary between phases Ill and IV is evidently non-
linear. The pressure dependence of the transition temperature
dT/dp=TVAa/AC,, (6) is described for first-order phase transitions by the Claussius-

. . Clapeyron equation:
whereAa andAC,, are changes in specific-volume thermal-

expansion coefficient and in specific heat, respectively. Hav-
ing determinedA «; andV from dilatometric measurements

andAC,, from DSC measurements, the pressure coefficient
dT,/dp=0.249 KMPa! was calculated. The boundary whereAV andAS are the volume and entropy changes at the

between phases | and Il can be approximated by the Iinea{LanSition temperature, respectively. According to Bﬁ
equation the nonlinearity inT;(p) may arise of the changes ikS;

or/and in AV; induced by pressure. To clarify this, the
T,(p) =356+ 0.249, (7) ~ changes in transition entropiésS, andAS; were estimated

by integrating the anomalous parts of the DTA signals ac-
indicated by a dashed line in Fig. 7. The same procedureording to the formula

dT/dp=AVI/AS, (8)
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ions occupying the channel voids, and do not disturb the
transition between phases Il and Ill connected to disordering
of the cations occupying the cage voi@lsee Sec. IV A

FIG. 9. Pressure dependence of the entropies of transitions bébove the triple point the interplay between the cations in
tween phases IlI-1l §S,), between phases IV-IIXS;), and Iv-II  adjacent voids becomes prominent and their dynamics
(AS,) in G,Pbl,. The latter dependence is shown in the form of strongly correlated, which results in the first-order phase
(AS4-AS,) to show the relationship betweehS, and the sum transition between phases Il and IV.
(AS;+AS;). The vertical dashed line indicates the pressure of the
triple point.

400 600 800
Pressure [MPa]

D. Cooperativity in the G,Pbl, structure

It is apparent that size and shape of the voids influence the
orientation of the cations. As can be seen from Fig. 6 and
Table 1ll, the tilts and deformations of the octahedra consid-
where S and S, denote the DTA signal and the baseline, erably influence the shape of the voids. The iodine atoms are
respectively. For the measurements at pressures close to theainly responsible for interactions between the cations and
triple point at 358 K and 780 MPa, common for phases II, lll the walls of the voids, and in this way with the anionic sub-
and IV, where the anomalies overléggee Fig. 8 a constant lattice (see Fig. 10 The tilts of the octahedra differentiate
contribution ofAS, was assumed. In Fig. 9, the entropy of the shape of the neighboring voids aldng, which in this
the transition between phases IV andAlS,, is represented  way become symmetry independent beldy (see Fig. 6.
by the quantityAS,-AS,, illustrating that near the triple The iodine atoms protrude toward inside or to outside of the
pointAS, approximates the sum &fS; andAS,. As can be  voids, and the cations appropriately change their orientations
seen in Fig. 9, in the range of pressures from 300 MPa to thé&o minimize interactions with the iodines. Moreover, orien-
triple point, the transition entroppS, is almost constant, tations of the cations are limited by their interactions be-
while AS; increases strongly with increasing pressure. Thaween the cage and channel voids, because the double void is
pressure dependenceds; is reflected in the nonlinear evo- about 9 A in length(as estimated from the coordinates and
lution of T3 with pressure. It is evident from the comparison the van der Waals radii of the iodine atoms, see Figs. 6 and
of the values ofAS, andA S; that elevated pressures induce 10), while the length of the guanidinium cation measured
a new type of disorder in the /Bbl, structure. A simple along one of its C-N bonds is 5.5 A. Consequently, at least
extrapolation ofAS; to lower pressures proves thas; be-  one of the cations has to be tilted with respect to[tHeaxis.
comes zero at a critical point about 245 K and 270 MPa,The same reasoning applies to the mutual orientation of the
indicating that this disordering process disappears. The mosgfuanidinium cations in the channel voids alopg]. The
pressure-susceptible elements of thgPl, structure(Fig.  width of one channel void alonfz] of 4.65 A does not
4) are the channel voids separating the polyanionic layers: allow all the cations in the channel void to align along this
elevated pressures the channel voids may collapse when tldirection, with their plane perpendicular fg]. As can be
guanidinium cations are squeezed to a more closely packesken from Fig. 4, the cations assume orientations inclined to
configuration. On the other hand, the rise of the transitiorthe crystallographic directions in phase Ill. Another possible
entropy AS; suggests that number of sites occupied by thearrangement illustrated in Fig. 10 shows that the size of the
cations in the channel voids increases with pressure. Thusage voids allows that the cations inside may be perpendicu-
the pressure modifies the potential function of the cations iar to[y]. In this space filling drawing also the voids formed
the voids. The pressure-induced changes are strictly relatdaly the polyanions and the contact walls between the neigh-
to the anisotropy of the £°bl, structure. Most importantly, boring voids are clearly visible. The restrictions resulting
up to the triple point the guanidinium cations in the channelfrom the sizes of the cation and voids does not allow the
and cage voids behave to a large extent independently: theystem to attain the higR-ncmsymmetry approximated by
elevated pressures mainly affect the disordering of the cathe anionic structure, unless the cations are disordered. This

S—S
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can be attained by subtle structural changes induced to theres and properties. Like in perovskites, small distortions of
crystal by varying thermodynamic conditions, changing thethe ionic arrangement lower the symmetry of the highly
available void space, as well as the tilts of the Pdtahe-  pseudosymmetric latticéS.In this respect the anionic sub-
dra, and by providing kinetic energy to the cations, whichlattice of G,Pbl, is strikingly similar to the polyanions of the
increases the number of energetic states in the lattice. Thevo-dimensional ferroelectrics of the BalyiFamily.® More-
contacts between the cations in the neighboring voids arever, due to the specific features of the organic cations, the
transmitted not only via the distortions of the polyanionic G,Pbl, crystals are much more susceptible to thermody-
lattice, but the cations can also interact directly through thenamic conditions than their purely inorganic counterparts:
gaps joining the cage and channel voids. These gaps afer example the BaMnfand BaCdF crystals do not un-
somewhat wider between cage and channel voids than belergo transitions to their prototypical phases, as they melt at
tween the segments of the channel voids: the average ltbwer temperatures. The phase transitions and lattice insta-
distances in the cage-to-channel gaps are 4.87 A dlehg bilities in these materials are induced exclusively by rota-
and 6.25 A alondx], while the average I-I distances in the tions of the octahedr. Two types of voids and non-
gaps between channel voids are 4.57 A alpfigand 6.12 A spherical cations induce new types of cooperativity in
along[x]. It is plausible that the role of direct intercationic G,Pbl,, and the phase diagram of this crystal acquires new
interactions prevail in the high-pressure phase: the cations iimteresting features such as pressure-induced phase transition
the channel voids, most susceptible to pressures, may chandae to cationic disorder, as well as the critical and triple
their arrangement from zigzag-liksee Fig. 1Dto parallel,  points. The intriguing properties of the,Bbl, crystals, mul-

or they may partly penetrate the cage voids. However, furtidimensional cooperativity, and correlation lengths,
ther high-pressure structural studies are required to clarifpressure-induced disordering, color changes, and phase tran-

the role of the direct intercationic interactions. sitions can be conveniently studied by directly observing the
cationic and polyanionic interactions and structural distor-
V. CONCLUSIONS tions. For the full description of the £bl, transformations

. . more detailed information about behavior of the guanidinium
The characteristic feature of the,Rbl, crystals is the  ;ations and of the polyanions in the function of temperature
pseudosymmetric polyanionic substructure with the systemnq pressure is required. Therefore further high-pressure and

of void; conFaining guanidinium cations. The orientation of o tron-diffraction studies on single,Bbl, crystals have
the cations is strongly correlated along the channels, angeen undertaken.

between the channel and cage voids. In this respect the
G,Pbl, crystal presents a potentially cation-shape and size-
tunable system undergoing a series of phase transitions in-
duced by changes in orientational configurations of the cat- We gratefully acknowledge a partial support from the In-
ions in the voids. The adjustment of the void and cation sizeserdisciplinary Grant No. P2-6 for this project. The authors
pertains to the most fundamental concepts of crystalthank Dr. S. Mielcarek, of the Faculty of Physics at the
chemistry formulated by Goldschmidt, and developed byAdam Mickiewicz University, for the DSC measurements,
Pauling and others. The,8bl, structure-property relations Dr. G. J. Mclntire, of Institute Laue-Langevin in Grenoble,
depend on the size of the constituent units, but also on thefor detecting the quadruple unit-cell volumes of phases Il
shape and orientation. In this respecfP8l, differs from  and Il, and Dr. A. Hoser, of the Hahn-Meitner Institute in
simple ionic crystals, like perovskites, where only the size oBerlin, for his assistance in performing the neutron-
spherical ions is the main factor governing the crystal strucdiffraction powder experiments.
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