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The temperature dependence of 3!Br NQR frequencies in some tetrabromozincate(II) com-
pounds, pyridinium tetrabromozincate(Il) (pyH),ZnBr4, 4-picolinium tetrabromozincate(Il) (4-
piH)2ZnBry, 2,6-lutidinium tetrabromozincate(Il) (2,6-luH),ZnBr4 and guanidinium tetrabromoz-
incate(Il) (guH),ZnBr4, were measured between 77 K and temperatures where signals faded out. All
compounds exhibited four NQR signals over the whole temperature range investigated. Moreover,
DSC was measured between about 130 K and melting points. (4-piH),ZnBr4 and (guH),ZnBr4
showed no structural phase transition, while (pyH),ZnBrs and (2,6-luH),ZnBr4 showed a single
phase transition. The values of transition entropies obtained suggest that these transitions are
of the order-disorder type. The nature of these transitions and the lattice stability in the present

compounds were discussed.
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Introduction

We have studied molecular motions and structural
phase transitions in A;ZnX, compounds (X = Cl and
Br) by NQR, NMR, DSC, DTA, X-ray diffraction and
electrical conductivity [1 - 7]. In the present study,
we adopted plane molecular unities of pyridinium
and guanidinium ions as A in A,ZnBry, because
such A,BX,; compounds have seldom been studied
so far. Pyridinium compounds often undergo struc-
tural phase transitions driven by orientational disor-
dering about the axis perpendicular to the molec-
ular plane of a pyridinium ion CsHsNH* [8 - 10],
which has a planar ring structure very similar to a
benzene molecule C¢Hg. Hence, pyridinium tetrabro-
mozincate(Il) (CsHsNH),ZnBr;, is expected to show
order-disorder transitions. However, if methyl groups
are introduced into a pyridinium ion, it is expected
that the groups will hinder the ion from disorder-
ing about the axis [8, 11]. 4-picolinium and 2,6-luti-
dinium ions have one and two methyl groups, re-
spectively. Moreover, a guanidinium ion C(NH;)3j

can take disorderd sites in the crystalline state, be-
cause it can reorient about the axis perpendicular to
a molecular plane [12 - 14]. In the present investi-
gation, (CsHsNH),ZnBry, 4-picolinium tetrabromo-
zincate(Il) (4-CH;CsH4NH),ZnBry, 2,6-lutidinium
tetrabromozincate(Il) (2,6-[CH3],CsH3;NH),ZnBr4
and guanidinium tetrabromozincate(Il) (C[NH;]3),-
ZnBr,; were studied by 8'Br NQR and differential
scanning calorimetry (DSC).

In this paper, we will abbreviate (CsHsNH), (4-
CH3C5H4NH), (2,6—[CH3]2C5H3NH), and (C[NH2]3)
as (pyH), (2-piH), (2,6-luH), and (guH), respectively.

Experimental

Pyridine and ZnBr, were added to a HBr solution
with a stoichiometric ratio. By slow evaporation of
solvents in a desiccator over P,Os at room temper-
ature, a polycrystalline sample of (pyH),ZnBr, was
obtained. The other samples were prepared accord-
ingly. All crystals obtained are colorless and hygro-
scopic. Elemental analyses for C, H, and N were car-
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Table 1. Chemical analysis (wt.%) of tetrabromozincate(II)
compounds.

K. Horiuchi et al. - Structural Phase Transitions in Some Tetrabromozincate(II) Compounds

Table 2. 3'Br NQR frequencises at several temperatures
and temperature coefficients K, = Av/AT between 77 K
and room temperature.

Compound C H N

Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. v/IMHz (T/K) v/MHz (T/K) v/MHz (T/K) K,/kHzK™!
(CsHsNH),ZnBr, 2202 21.98 221 224 513 516  (CsHsNH),ZnBry:
QOICHRCHNIDr 27,96 27.67 333 346 463 463 61.90877)  €0359278)  60.000319) 815
nbry 61.331(77) 59.993(277)  59.623(319) —6.69
(CINH3]3),ZnBr, 475 51 239 242 1663 1673 58059(77)  57.715(279)  57.479(322)  —1.70

(4-CH3C5H4NH)22HB1‘4I
66.0 ——————T——T——T——T—— 67.259(77)  6551(281)  65.14(316) —8.57
65.0 60.794(77)  59.84(296)  59.75(315) —44

I @o o iy 58.995(77)  57.71(298)  57.66(318) —5.81
64.0L Ooof)oooQD | 57.150(77)  55.77(299)  55.75(322) —6.22
630 CO%% (2,6-[CH3 ],CsHyNH),ZnBr:

N BB 7]
& o) 67.720(77)  66.78(298)  66.59(325) —425
S 620F @ 4 65.708(77)  64.60(296)  64.39(329) —5.06
N @00 64.596(77)  62.10298)  61.75(330)  —11.3
61.0F 00 508 . 47.668(77)  47.61(299)  47.63(328) -0.2
(o]
60.0| OOOQ&%JOOCD i (C[NH;3]3),ZnBry:

65351(77)  63.14297)  62.90317)  —10.1
59.0r 7 61.837(77)  58.84(298) ~13.6
sso0l &0 ] 58.861(77)  57.44(296)  57.28(320) —6.49

&0 6006060 RO TV, 53.979(77)  54.84(298)  54.86(304) +39
57.0F .
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Fig. 1. Temperature dependence of 3'Br NQR frequencies
in pyridinium tetrabromozincate(Il) (CsHsNH),ZnBry.

ried out for these samples and the results are listed in
Table 1.

The 7#'Br NQR spectra were recorded with an
NQR spectrometer working in the super-regenerative
mode and resonance frequencies were determined by
counting techniques. The sample temperature was
controlled by a temperature-regulated nitrogen-gas
flow and measured by a copper-constantan thermo-
couple.

A differential scanning calorimeter DSC220 with
a disk-station SSC5200 from Seiko Instruments Inc.
was used for thermal measurements. Before DSC
measurements were performed, samples were pul-
verized and then dried over silica gel or P,Os in a
desiccator. Samples of around 10 mg were employed
and the heating and cooling rates were usually set at
10 and 5 Kmin~!, respectively. The measurements
were carried out under an atmosphere of dry N, gas
with a flow rate of about 40 ml min~! and repeated
more than three times.

Nuclear Quadrupole Resonance

81Br NQR frequencies were measured as a func-
tion of temperature between 77 K and temperatures
where signals fade out. The results are shown in Figs.
1 - 4 and their numerical values at some temperatures
along with temperature coefficients Av/AT are given
in Table 2. All compouds gave four ' Br NQR sig-
nals with the same intensity ratio and, as can be seen
from figures, their frequencies decrease in most cases
proportional to the temperature on heating except for
the following signals. The lowest-frequency line of
(guH),ZnBr, exhibits a positive temperature varia-
tion. The lowest-frequency line of (2,6-luH),ZnBry is
almost independent of temperature. These tempera-
ture dependencies in NQR frequencies are related to
NH---Br hydrogen bonds between cations and anions
[15, 16]. Furthermore, a slight but anomalous varia-
tion in the temperature dependence of resonance lines
was observed around 280 K for (pyH),ZnBry. That is,
a temperature coefficient of the second-highest-fre-
quency line changes discontinuously around 280 K;
the lowest-frequency line is almost temperature-inde-
pendent, while around 280 K the frequency is tem-
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Fig. 2. Temperature dependence of 3'Br NQR frequencies
in 4-picolinium tetrabromozincate(II) (4-CH3CsH4NH),-
ZnBry.
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Fig. 3. Temperature dependence of *'Br NQR frequencies
in 2,6-lutidinium tetrabromozincate(Il) (2,6-[CH3],CsH3-
NH)QZHBM

perature-dependent and about 200 kHz of shift was
observed.

The crystal structure of (guH),ZnBry is reported
to be triclinic with space group P1 [17]. There is
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Fig. 4. Temperature dependence of ' Br NQR frequencies
in guanidinium tetrabromozincate(II) (C[NH3]3)2ZnBry

one crystallographically nonequivalent anion in a unit
cell and the ZnBrﬁf ion adopts a shape of a slightly
distorted tetrahedron. Although crystal structures of
the three other compounds are unknown, it is assumed
that those anions form isolated ZnBrﬁ_ tetrahedra, as
this coordination is exclusive for ZnX4 complexes in
the solid state. In that case, four resonance signals
should be assigned to four bromine atoms in the same
tetrahedron. All resonance lines fade out at about 320
- 330 K, which can be explained by the fluctuation
of electric field gradients at bromine nuclei caused
by reorientational motions of anions [2]. However,
the fade-out of resonance lines in some crystals may
be ascribed to phase transitions. DSC measurements
will give us the information on phase transitions above
room temperature.

Differential Scanning Calorimetry

DSC measurements were carried out between
about 130 K and melting points. The results are sum-
merized in Table 3. All compounds melted below
500 K. A heat anomaly due to a structural phase
transition was detected in (pyH),ZnBr; and (2,6-
IuH);ZnBry4. A virgin sample of (pyH),ZnBr; some-
times showed a heat anomaly not at 342 K but at
360 K. However, after the second measurement. The
heat anomaly always appeared at 342 K. In a previous
DTA measurement, a heat anomaly was detected at
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Table 3. Transition temperatures 7, orders of the transi-
tions, transition enthalpies AH, transition entropies AS and
thermal hysteresis AT, for phase transitions in tetrabromoz-
incate(Il) compounds.

T Order AH AS AT
(K) (&KJmol~") (K~ !mol™ ") (K)
(CsH5NH),ZnBry:
342 +£1 st 63+0.2 18 + 0.5 43 +2
448 + 1 (fusion) 28 +1 62+2 25+4
(4—CH3C5H4NH)2ZI’1BI'4Z
380 £ 1 (fusion) 35+1 90+ 2 435+1
(2,6—[CH3]2C5H3NH)QZHB1‘4Z
327+1 st 5+1 15+£2 *
493 + 1 (fusion) 42+1 85+ 2 81+£5
(C[NH3]3)2ZnBry:
445+ 1 (fusion) 31.1+05 7041 48+ 9

* an endothermic peak was not observed on cooling.

about 420 K [18], which can not be confirmed in the
present DSC measurement.

Discussion
Structural Phase Transitions

Structural phase transitions observed in (pyH);-
ZnBry and (2,6-luH),ZnBr, are recognized as first-
order because of thermal hysteresis in the heat anoma-
lies. In additon, the values of transition entropies sug-
gest an order-disorder type.

A phase transition in (pyH),ZnBr4 is probably
driven by orientational disordering of a pyridinium
ion about the axis perpendicular to a ring plane. If this
type of transition occurs in (pyH),ZnBry, a transition
entropy experimentally observed can be interpreted
in terms of Boltzmann’s principle

AS = 2R In(Ny/Ny), (1)

where, N, and N, are the number of distinguish-
able orientations allowed in high- and low-tempe-
rature phases, respectively. An observed AS value of
18 J K=! mol~! leads to N,/N; = 3. This means
that if pyridine ions are ordered in a low-temperature
phase, they are disorderd among three sites in a high-
temperature phase, and if pyridine ions are already
disordered in a low-temperature phase, for example,
in two-fold orientations, they are six-fold disordered
in a high-temperature phase.
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No heat anomaly was observed around 280 K for
(pyH)2ZnBry. Since a displacive transition generally
show a small transition enthalpy, sometimes it can-
not be detected by thermal measurements. However,
NQR is very sensitive to a displacive phase transi-
tion as well as an order-disorder transition. Hence, a
phase transition associated with a small displacement
of ZnBr, may occur around 280 K, because a temper-
ature variation of NQR frequencies is unusual around
that point.

The transition entropy observed in (2,6-luH),-
ZnBr, has a relatively large value of 15 J K~ mol~!.
If anions are orientationally disordered, Boltzmann’s
principle leads to N,/N; = 6. A possibility of
an orientational disorder of ZnBry is reported for
(N[CH3]4)2ZnBry and the isomorphous compounds
(N[CH3]4):MCly (M = Co, Ni, Cu, and Zn) [19]. In
these cases, however, a tetrahedron is considered to
be disordered between two close sites. Thus it seems
to be difficult that ZnBr, takes six distinguishable
orientations.

If cations as a whole are orientationally disordered,
Boltzmann’s principle leads to Ny, /Ny =2.5, and when
methyl groups in a lutidinium ion have disordered
sites, N,/NN; is estimated to be 1.6. There is also a
possibility of a simultaneous disordering of cations
as a whole and methyl groups or cations and anions.
In any case, a disordering of cations probably takes
place above 327 K in (2,6-luH),ZnBr,. This is very
interesting, because a single methyl group introduced
in a pyridinium ring prevents cations from disorder
in (4-piH),ZnBry4, but two methyl groups do not to
prevent the disorder.

Lattice Stability

(pyH);ZnBr, and (2,6-luH),ZnBr, show a single
order-disorder transition respectively, while no struc-
tural phase transition is detected for (4-piH),ZnBry
and (guH),ZnBry. In other words, a displacive phase
transition is not observed for all compounds, although
(pyH),ZnBr4 may undergo such a transition. The tem-
perature variations of NQR frequencies in the four
compounds are very monotonous, which contrasts
with those in (n-C,,H;,+1NH3),ZnBr, that undergo
some structural phase transitions [2]. These facts seem
to reflect the stability of crystal lattices in the present
system, which can be explained qualitatively in terms
of Cochran’s theory [20].
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According to this theory, the lattice instability that
leads to structural phase transitions in ionic crystals
occurs via a subtle cancellation of the short-range
(SR) interaction by the long-range (LR) Coulombic
interaction. This can be written schematically as fol-
lows:

wsz o (SR interaction) — (LR interaction), (2)

where wy is a soft phonon frequency. For simplicity,
we regard the molecular ions as point charges for the
Coulombic interaction. Since the LR interaction is in-
versely proportional to a primitive-cell volume V, it is
more difficult for a crystal with a larger V' to undergo
a displacive phase transition. Since a pyridinium ion,
a guanidinium ion and so on have a very large size
compared with alkali metal ions, the present four
compounds have larger V' than A;BX,; compounds
with alkali metal ions, many of which compounds are
known to undergo successive phase transitions [21].
The fact that the melting temperatures in the four com-
pounds are relatively low is considered to reflect this
weak cohesive force. Furthermore, NH---Br hydrogen
bonds seem to contribute to the lattice stabilitiy in the
present four compounds, too.

In the case of (guH),ZnBr,, hydrogen bond net-
works are functioning to prevent cations from dis-
ordering. A guanidinium ion has three NH, groups
and all of four bromine atoms in a ZnBr, tetrahe-
dron are involved in three dimensional hydrogen bond
networks connecting cations and anions [17]. Be-
cause of this richness in hydrogen bonds, guanidinium
ions cannot occupy disordered sites in crystals. An
average NQR frequency at 77 K in (guH),ZnBry
is 60.007 MHz, which is lower than those in other
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compounds (those in (pyH),ZnBry, (4-piH),ZnBry,
and (2,6-luH),ZnBry; are 61.530, 61.050, and
61.423 MHz, respectively). This may be due to the
effect of hydrogen bonds.

Transition Entropy

Here we define a sum of transition entropy
and fusion entropy as a total entropy change AS..
AS; in (pyH),ZnBry, (4-piH);ZnBry, (2,6-luH),-
ZnBry, and (guH);ZnBry are 80, 90, 100, and
70 J K~ mol~!, respectively. Similar AS; values of
81 and 86 J K~! mol~! are observed in 2-picolinium
hexachlorostannate(IV) and hexachlorotellurate(IV),
respectively [8]. We can roughly estimate the entropy
gains AS; due to the melting of positional orders in
molecular ions to be about 3R = 25 J K~ ! mol !
by Richard’s rule, which was originally proposed for
compounds made up of atomic ions. Hence AS,, val-
ues are presumably smaller than 3R in the present
system. In any case, we see that the entropy gains due
to the melting of orientational orders are two or three
times larger than AS,. This means that in molten salts
rotational motios in molecular ions are relatively free
compared with translational motions. Differences in
AS; values among (pyH),ZnBry, (4-piH),ZnBry, and
(2,6-luH),ZnBry are likely to be ascribed to the en-
tropy gains due to the rotational melting in methyl
groups.
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