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Abstract. Butylepediammonium lead tetrachlonde exhibits three structural phase transitions
according to the sequence 1 — (324 K) — y — (341 K} —  — (420 K) — «. These transitions
are characterized by Dsc measurements and Raman scattering on polycrystalline samples, The
space groups and the cell parameters of 1, ¥ and £ phases were determined by x-ray diffraction
on single crystals and powder samples. The three phases 1, ¥ and 8 have the same space group
P21/c with Z = 4. The frst-order phase transition at 324 K is driven by orientational and
conformational motions of the butylenediammonium chains. The transition at 341 K is also of
first-order type and involves both organic cation motions and PbClg octahedra deformations. The
transition at 420 K was evidenced by Raman scattering; it leads (o a plastic phase similar to that
observed in the homologous monoammonium compound (C3H7NH3);PbCL,. This transitional
behaviour and the crystal dynamics will be discussed and compared with those of homologous
compounds.

1. Introduction

The alkylenediammonium tetrachlorometailates of gencral formula NH3(CH3),NH;MCl
(2C,MCl,), where M is a divalent metal, are known (o crystallize in a two-dimensional
structure, built up from corner-sharing MClg octahedra. The cavities between the octahedra
contain the NH3 groups which form NH-Cl hydrogen bonds with the chlorine atoms
(figure 1} (Blinc er al 1977, Negrier et al 1987, 1989, Tichy ef af 1980). These compounds
are also known for their pumerous structural phase transitions and their complex crystal
dynamics, As far as we know, from all previous work on this family of compounds,
the organic chains were believed to be responsible for the observed transitions. Their
orientational motions and the competition between twisted and trans conformations were
extensively studied and discussed, but the participation of MClg octahedra was often omitted
or neglected (Negrier et @l 1987, 1989, Tichy et al 1980, Sourisseau and Lucazeau 1979,
Guillaume er ai 1990).

Butylenediammonium lead tetrachloride (2C4PbCL) is a new compound in this family.
In a recent article devoted to this compound (Abid er al 1991) we described an order—
disorder phase transition demonstrated by means of Raman speciroscopy near 200 K, The
low-temperature phase below 200 K is believed to be ordered and the organic chains
are frozen in different conformations; this has been confirmed by the splitting of the
Raman bands at 309 cm™' and 85 cm™! corresponding to the cation motions in four
components (Abid er al 1991). These results led us to complete this work by studying
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Figure 1. Schematic strocwre of 2C,MCly, n = 2, Figure 2. psc thermogram of 2C4PRCly in the 300-
3, 4, 5: M=Cd, Mn, Pb in the hypothetical tetragonal 370 K temperature range.

high-emperature phase. The projection is along the a

axis. The 2C, chains are more or less parallel to the ¢

axis and perpendicular to the layer planes (after Bline

ef al 1977 and Negrier et al 1987).

the transitional behaviour in a highc';‘ !wmberature range. In the present work we intend
to characterize the high-temperature phases by DSC measurements, X-ray diffraction and
Raman scattering between 300 K and 450 K. The transition mechanisms will be discussed

and compared with those observed in the homologous'compounds 2C;MnCl,, 2C,CdCly
and (C3H7NH3)2P|JC14.

2. Experimental detai]s

2C4PbCly was synthesized by slow evaporaan of a.queous solutlon contmmng stoichiomet-
ric amounts of NH3(CH2)4NH3C12 and PbCly; small crystals of about I mm x 0.5 mm x
0.3 mm were selected for x-ray measurements

Powder x-ray diffraction experiments were performed on a Philips powder counter
diffractometer equipped with a home- -made heating unit cell, and Fe Ko radiation was used.
For single crystals, a precession camera with Mo Ke radiation was used to characterize
the crystallographic parameters and space groups of 1, y and 8 phases. The temperature
variations were achieved by means of an Enraf-Nonus air-heated system.

Raman spectra were recorded on a DIIOI' RTI30 spectrometer equipped with an argon ion
laser (514.5 nm; Spectra Physics, model 2000). A thermocouple was used for temperature
measurements,

Calorimetric measurements were perfonned between 300 and 450 K on a Mettler DSC

calorimeter; the recording conditions were a heating rate of 5 K min~! and a sensitivity of
200 uV mw-1,
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3. Results and discussion

3.1. DSC measurements

DSC experiments were performed on heating 2C4PbCly from 300 K to 450 XK. The
thermogram shows two endothermic peaks at 77 = 324 X and T = 341 K (figure 2).
The enthalpy and entropy changes are respectively AH; = 1.1 kJ mol™!, AS, =
3.4 J mol”! K™, and AH, = 0.08 kJ mol~!, AS; = 0.23 J mol~! K™!; they are of
the same order of magnitude as those measured for the first-order transitions in similar
componnds: (CaH;NH3z):PbCly (Romain er @l 1992) and (C3H;NH3):MnCl, (Depmeier et
al 1977). Both transitions are thus considered to be of the first-order type. It should be
noticed that above 350 K no thermal anomalies have been observed in the thermogram,
although a third transition near 420 K was detected by Raman scatiering (see section 3.3).
By analogy with the nomenclature used for homologous compounds the high-temperature
phases have been named y, § and ¢ (Romain er gl 1992, Depmeier ef al 1977), the 1 phase
is that existing at 300 K (Abid e al 1991):

1—(3%UK)—>y —(G41K) » 8§ — (420K) — c.

For the § — y transition, the relation AS = RInQ brings to a number of equivalent
positions £ = 1.5; this value means that the relative disorder of the y phase is of complex
nature, and probably reflects a conformational modification of organic chains rather than a
statistical distribution of atoms between different positions.

3.2. X-ray experiments

For phase «, the precession patterns obtained above 420 K apparently show an orthorhombic
symmetry but the extinction conditions are not reproducible and no correct space group
has been found; this may be due to the crystal instability above 420 K. The following
crystaliographic study was thus restricted to the I, y and 8 phases. However, the Raman
study shows a strong analogy between the ¢ phase and the disordered phases evidenced in
the homologous compounds. This point will be discussed below.

3.2.1. I phase. Precession photographs have been taken at 300 K and the following reflection
conditions have been noticed:

(rODy l=2n

(0k0) k=2n

(hkl) no conditions.
These correspond unambiguously to the P2, /c space group. Approximate values of the
cell parameters obtained from precession patterns have been refined through the observed
reflections on the powder data (table 1); the retained values are
a=7.93(1) A b =7.796(2) A c=19.724(3) A B =94.6(4).

The structure determination of the title compound at room temperature is in progress
(Daoud er al), although some structural information should be presented here for comparison
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Table 1. Indexing of the powder diagram (22 observed reflections) in the monoclinic room-
temperature phase 1, at 300 K.

No du(A) %@ RKE by
1 9829 9.33”{“1 002 20
2 5931 5.934 102 100
3, 5552 5549 W 1o 6
4 5552 5549 ni 7,
5 4424 4424I 111 61
.6 4,956 4,959 12 11
7T 4914 4819 ' 004 17
8 4720 479 ,‘ 112 8
9 4157 . 4159 13 . 16
10 4122 4120 113 16
11 4030 4034 104 5
2 182 3. 899":1 0o 6
13 3716 . 391, 202 5
14 3.398 3399 212 61
15  3.276 3.279 06 6
16 3.054 3.059,",; 204 5
17 2965 2.963 204 6
g 230 2304 124 18
19 2172 2770 214 7
20 2.535 2.52,9]]“ 215 . 40
21 2508 2499 026 19
22 2038 ,2040 35 Bl

.l=

|
T 1
W, |
of organic chain and MClg ocl:ahedra distortions in 2C4PbCl4 with those in 2C4CdCl, and
2C4MnCly.

At 300 K, the preliminary structural detenmnauon of ZC4PbC14 shows that the
butylenediammonium chalns are dlstorced. the C-C bonds and C-N bonds are not in the
same plane (twisted conformanon) On the other hand the PbCls octahedra exhibit nearly the
same distortion as that observed in (C3H7NH3)2PhCI4 (Mercsse and Daoud 1989). Indeed,
the Pb—Cl axial bonds (out-of-layer plane) are bent, with an angle Cl,.-Pb-Cl,, = 165°
instead of 180°, and in addition the in-plane Cleq—Cle, distance varies from 3.80 t0 4.30 A,
a fact which is observed also in the Cd derivative 2C,CdCl, (Blinc er af 1977, Walpen
1976) and in (CsHyNH;3);PhCl, memyloned above.

3.2.2, y and § phases. For y and 8 phases, precession photographs show the same reflection
conditions as those of the I phase. They exhibit unambiguously the same space group, P2, /¢
with Z = 4. This result has been conﬁ:med by the indexing of the powder data at 330 K
{r} and 360 K (8). The cell parameters obtained after the least-squares refinement are
summarized in table 2, This crystallographxc evolution is similar to that observed in the
homoiogous compound 2C4CdCls, which exhibits three monoclinic phases preceding the
orthorhombic one above 371 K (Bimc et al 1977, Walpen 1976)
'

Table 2. Crystallographic characterizanm of I, y and B phases.

a (A) bdy e B¢ z
1 7.934(1) 7 796(2) 19.724(3} 94.5(4)
8.0042) 7 744@) 19.955(5) 97.0(4)
8.057(3) 7754{43 20.0843)  101.9Q2)

o
B
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As is shown in table 2 only the ¢ parameter and the 8 angle are noticeably affected
by the ¥ —» y and ¥y — # transitions while & and b remain almost uamodified. The
thermal expansion along the ¢ axis corresponding to the interlayer distance, in particular
across the [ — y transition, may be explained as foliows. It has already becn mentioned
that at room temperature, the proportion of twisted chains is dominant; as we will see
below, when increasing the temperature the proportion of frans chains increases at the
expense of the twisied ones and becomes dominant at high temperanire. As the trans
chains are significantly longer than the twisted ones, the interlayer distance and therefore
the parameter ¢ must increase. A similar phenomenon was observed in 2C,CdCL, (Blinc
et al 1977, Walpen 1976), whereas in 2C,MnCly and 2C5CdCl, the opposite phenomenon
was evidenced: the interlayer distance decreases with increasing temperature because the
propostion of twisted chains is dominant in the high-temperature phases (Negrier et al 1987,
1989, Tichy et al 1980).

3.3. Raman spectroscopy

3.3.1. Assignments. Raman spectra of polycrystalline samples of 2C4PbCls have been
recorded at different temperatures between 300 and 450 K only in the 5~250 cm~! and 400
1200 om~! frequency ranges. The first specral domain includes the lattice modes, which
are generally the most sensitive to phase transitions and give rise to the most intense bands
throughout the spectrum. The 400-1200 cm~! domain includes stretching and deformation
modes of the N—C-C-C-C-N skeleton, which are sensitive to conformational changes.

The frequencies of the observed modes in different phases are lisied in table 3. We do
not intend to give here a detailed assignment, but we intend as far as possibie to distinguish
between the bands comresponding to the PbClg octahedra motions and those associated with
the 2C4 chains. To this end we have recorded the spectrum of the Cd derivative 2C4CdCly.
Comparing the spectra of figure 3, it appears clearly that the bands at 18, 35 and 131 cm™!
are characteristic of 2C,PbCl; spectra; these are assigned io PbCls octahedra motions,
whereas the common bands in both spectra, near 45, 62, 85 and 95 cm™!, are assignable
to 2C, chain mations; these bands have different intensities and widths in the two spectra
(figure 3); this may be related to different degrees of disorder in the compounds. As we will
see below, the bands at 85 and 95 cm™! have a competitional behaviour when increasing
the temperature, according to the distortion of 2C,4 chains observed by z-ray diffraction and
by analogy with the homologous compounds, namely 2C4CdCly and 2CsCdCly (Negrier
er al 1987); the intense band at 85 cm~! and the shoulder at 95 cm~! may be associated
with the twisted and rrans conformers respectively. The difference between their relative
intensities indicates that at room temperature (I phase) the proportion of twisted chains is
highly dominant.

The assignment of the internal modes in the 400-1200 cm™~' range has been established
by comparison with the spectra of Cd derivatives; they are at aimost the same frequencies
in all aliphatic chains (see, for example, Delarbre et af 1989, Durig et af 1989). The most
interesting bands in this spectral domain are those at 425, 936 and 963 ¢cm™!, which are
sensitive to conformational compedtion of 2C4 chains.

3.3.2, Transition characterization and crystal dynamics. The spectral evolution with
increasing temperature is shown in figures 4 and 5. Both transitions, at 324 K and 341 K,
are clearly characterized, In addition, a new phase transition is evidenced at about 420 K.

{a) I — y transition (324 K). When increasing the temperature from phase I to phase y,
the spectral modifications concern both external and internal modes of the organic chains.
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Table 3. Raman spectral wavenumbers (in the 10-220 400-480 and 900-1050 cm~! ranges)
8t d:fferem Lemperamres W= weak, m = medium; § = strong; sh = shoulder,

f ek ¥ il A BE o Assignment
4 K 338K 348 K 430 K
18w 18w — — PhCls
Bm " 35m — 30m  PbCl
463  46sh 48 sh — (2C4}
49 sh 50 s j ‘ 513 —_ PuClg
624 62s | 633 , 50m  (2C4)
B5s 85m " —_ - — R2C, (wisted)
— 95sh 973 — R'2C, (trans)
b .
— — - 5m — —
131 m 130m | 130 sh —_ w{CIPLCT)
181 m 18lm 181 w —_ (2C4)
425m 423m 422 w — § CCOC (twisted)
450 w 446m 445 s — 8 CCCC (trans)
470 m . 40m | 44w — —
936 s 9395 $37 m — v CC (twisted)
963 w 965 m 960 w —_ v CC (trans)
990 m 991s 994 5 995 w rocking (CHz)
1036 m 1036m | 1036 m 1036 w  rocking (CHz)
— 1042m — — —_

i \
Indeed, the intensities of the bands a; 95, 450 and 963 c:m“1 associated with the trans
conformer strongly increase with respect to those at 85, 425 and 936 cm™' respectively,
associated with the twisted confonnauon (figures 4 and 5). This means that in phasc 1 the
proportion of twisted chains is highty dommant, when increasing the temperature across the
I — y transition, competition between tw1sted and (rans conformers takes place.

On the other hand the band at 35 cm“ assagned to PbClg rotanon and that at
transition, and we can conclude that :ﬁie ! — y transition is of the first order—disorder
type and involves mainly the onentauonal and confonnanonal dynramics of the organic
chains, This interpretation is consxstent th previous results inferred from calorimetric and
crystallographic data. While the transmon occurs, the PbClg octahedron framework remains
practically the same and the P2, /¢ space group is preserved.

(b) y — B transition (341 K). T'Ius transition is characterized by drastic modifications
in the low-frequency spectra; it is also of ﬁrst-order type. When heating the sample from
the y to the B phase the weak lines at 95, 450 and 963 cm~! associated with the trans
chains grow progressively in mtenmty When the 8 phase occurs they become more intense
than those of the twisted chains at 85, 425 and 936 cm~! (figures 4 and 5). This spectral
evolution indicates that the conformauonal equilibrium between frans and twisted states of
the chains is progressively dxsplaccd m ‘favour of the trans confonnahon and when the 8
phase occurs the organic chains are pracueally excluswely in the trans conformation. Also,
the y phase seems to be only an intermediate state between I and § crystalline structures
with a continuous evolution of bmsted—trans equilibrium according 1o the temperature.
This is in agreement with the 1ncrea§mg of the interlayer distance already observed by
x-ray diffraction. Similar results on chain conformational disorder have been obtained
for a number of compounds in this family, namely 2CsMnCly, 2C5CdCls, 2C4CdCl,; and
2C,MnCl, (Blinc et af 1977, Negrier et al 1987, 1989, Sourisseau et ol 1983, Tichy et al
1980). On the other hand, the spectral evolution shows that the conformational motions are
coupled with PbCls octahedra deformations. Indeed, the bands at 18 and 35 cm™! assigned
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Figure 3. Low-frequency Raman spectra of polycrystalline samples of 2C,PbCls (specirum a)
and 2C4CdCly (spectrum b) at room temperature.

to PbCls libration vanish and the band at 130 cm™! assigned to Ci-Pb-Cl siwetching shows
a large broadening; such a behaviour of these dispersive modes in phase 8 reflects the
degree of disorder in the Cl sublattice and the displacive character of the y — 8 transition.
This disorder must induce some modifications in NH. . .Cl bonding schemes and therefore
generates favourable orientations and conformations of the organic chains.

(c) § — a mansition (420 K). In phase o, the spectrum is totally different from the
previous ones. In particular, the bands at 50, 62 and 181 cm™' vanish, while a broad and
relatively intense band appears at 30 cm™!; the latter was also observed in the plastic phase
(o) of (C3HyNH;3),PbCl, and is assigned to the ‘rotations’ of PbCls octahedra around their
axes perpendicular to the fayer planes (Romain et al 1992); on the other hand the CI-Pb-Cl
stretching band vanishes and shows a large broadening near 117 cm™!; this spectroscopic
behaviour is close to that observed in the o plastic phase of (C;H;NH3),PbCl; and other
plastic phases in which there exists a dynamic rotational disorder (Romain ez al 1992,
Sherwood 1979). These noticeable and abrupt changes in a relatively narrow temperature
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Figure 4. Low-frequency Rs;ma.n spectra of a polyerystalline sample of 2C4PbCly at various
temperatures between 300 and 450 K.

2y,

1 .
range (415340 K) suggests probably a first-order character for this transition.

The spectral evolution across the § — « transition can be explained as follows. The
increasing temperature from # to o generates a high degree of disorder in the CI sublattice
and induces inhomogeneities in the potential wells for NH; groups. This gives rise firstly
to an anharmonic behaviour for 2C, chain vibrators and secondly to the breakdown of the
translational symmetry, and therefore to the appearance of the density of states for coupled
PbCl; vibrators. This can explain the shape of the spectra in the disordered o phase.
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Figure 5. Raman spectra of different phases of 2C4PbCly: (a), between 400 and 480 em™;
(&), between 900 and 1050 cm™ 1,

4. Concluding remarks and comparison with homolegous compounds

The title compound exhibits three phase transitions:
I—GBUK -y —(341K) > §— (420K > «a.

The 1, y and B phases exhibit monoclinic cell symmetry; the o phase is apparently
orthothombic. The I — y transition is of order—disorder type and involves only organic
chain dynamics. The subsequent y - 8 and § — o« transitions would be driven by
a displacive mechanism in which PbCls octahedra participate strongly together with 2Cq4
chains. The crystallographic evolution and transitional mechanisms are similar to those
observed for 2C4CdCl,. This similarity is apparently related to the strong distortion of
PbCl; and CdClg octahedra. ,

From the point of view of conformational disorder and octahedron distortion, two types
of compound can be distinguished in this family:

(i) When the MClg octahedra are andistorted, at room temperature, the proportion of
trans chains is dominant; when the temperature is increased the equilibrium between twisted
and trans conformations is displaced in fayour of twisted ones; this is the case in 2G;MnCl,
(Tichy ei ¢! 1980) and 2CsCdCL; (Negrier et gl 1987, 1989),

(i} When the octahedra are strongly distorted, the opposite phenomenon takes place
and the trans conformation becomes dorninant in high-temperature phases; this is the case
in 2C4PbClL; (present work) and 2C4CdCl, (Blinc et al 1977).
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