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81Br NQR and "9Sn Mossbauer Study for MSnBr3 (M=Cs and CH3sNH3)
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Successive phase transitions were observed for CsSnBrz and CH;NH;SnBr; by means of 8'Br NQR and DTA.
These compounds are isomorphous with each other and have typical cubic perovskite structures at room
temperature. However, with decreasing temperature both compounds showed successive phase transitions and
complex 8Br NQR spectra at 77 K. In the case of CH3NH;SnBr3, both 8'Br NQR and !'*Sn Mdssbauer spectra
changed markedly with decreasing temperature from those at room temperature. These findings suggested a
large distortion of the SnBrg octahedron from the regular one and were interpreted on the basis of the three-center-

four-electron bond model.

In relation to these structural changes, a broad-line TH NMR experiment on

CH;NH;SnBr; was also observed in order to determine the effect of the dynamic properties of the cation.

Trihalostannate anions, SnX;~ (X=Cl, Br, and I), in
the solid state still provide us with interesting prob-
lems, since the anion changes its structure variously
with the replacement of the counter cation. Further-
more, drastic changes of the 8 Br NQR spectra accom-
panied by phase transitions have been reported with
decreasing temperature.!) The structural variety of the
SnX3;~ anion has been understood on the basis of the
stereochemical activity (or nonactivity) of the non-
bonding pair of s-electrons.? In the series of our
NQR and Mgssbauer studies on SnX;~ anions, how-
ever, the structural variety and phase transitions have
been disscused on the basis of the hypervalent charac-
ter of the central metal.® In other words, the trans
Br-Sn-Br bond is described as a three-center-four-
electron (3c-4e) bond.¥ This bond changes continu-
ously from a symmetric X-Sn-X to an asymmetric
X-Sn---X, as has been observed for the trans Br-Sb-Br
bond in (C;HsNH)SbBr,.” In this model an inter an-
ionic interaction, such as X-Sn--X, can also be
regarded as an extremely asymmetric case of the 3c-4e
bond. According to the crystal structures containing
SnX;™ anions, the tin atom forms regular or distorted
octahedron with six nearest-neighbor halogens.
Therefore, four structural models shown in Fig. 1 can
be systematically understandable in terms of whether

(A)

Fig. 1. Structural models for SnXs~ anion on the
basis of octahedral environment around the Sn.

the trans X-Sn-X bond is a symmetric or asymmetric
in each of the three orthogonal directions. The
appearance of models (B), (C), and (D) can be inter-
preted as being a result of a displacement of the central
metal in the three different directions shown in model
(A). The model (A) structure has been reported for
CsSnBr3,%” model (B) for KSnF;-(1/2)H,0,8 model
(C) for CsSnl;? and (NH,)SnBr;- H,0,19 and model
(D) for CsSnCl3.1V In our previous paper model (C)
anions in MSnBr;- H,O (M=K and NH,) changed
their structure with decreasing temperature toward
model (D), at which the 8Br NQR frequencies assigned
to the basal plane increased enormously.?

In this paper the structural phase transitions for
CsSnBr; and CH3NH;3SnBr; were studied by means of
81Br NQR, DTA, 119Sn Méssbauer effect, and 'H NMR.
Especially in the CH3NH;" analogue, the tin envi-
ronment changed from a regular octahedron at room
temperature to a markedly distorted one at 77 K, as was
expected from the 3c-4e bond. Furthermore, an inter-
esting problem is the relationship between the 3c-4e
bond model and the semimetallic conductivity of the
perovskite structure. For the Cs analogue, both exper-
imental and theoretical studies concerning the electric
structure have been reported.!?

Experimental

CH;NH3SnBr; was crystallized as red crystals from ethanol
containing stoichiometric amounts of SnBr, and CH;NH;Br.
This compound is unstable in air, especially if there exists a
trace of hydrobromic acid. CsSnBr; was obtained from a
melt using a Bridgman furnace. These two compounds were
identified to be isomorphous with each other at room
temperature using powder X-ray diffraction. The cell con-
stants of the cubic perovskite were determined to be a=5.808
and 5.901 A for Cs and CH3;NH; salts, respectively. The
former lattice constant agreed well with the value reported
previously, a=5.804 A.9)

"98IBr NQR was detected with a pulsed spectrometer and
was assigned using the quadrupole moment ratio, Q(’°Br)/
Q(®1Br)=1.1971. At low temperature, owing to their large
line width (ca. 100 KHz), only spin echo signals could be
detected using 90°—180° pulses. 19Sn Méssbauer spectra
were recorded by means of a constant acceleration type spec-
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trometer, using Ca''®"SnO; as a gamma-ray source. The
velocity was calibrated with Sn and BaSnOs.

Results and Discussion

31Br NQR and DTA. Figure 2 shows the tempera-
ture dependence of the 8BrNQR frequency for
CsSnBr;. The phase transition temperatures were
determined to be 290+1 and 85+2 K, the former agree-
ing well with the value reported previously by Scaife et
al.13 Both transitions were accompanied by a continu-
ous temperature dependence of the NQR frequency
and no thermal hysteresis, characteristics of a second-
order transition. A preliminary experiment concern-
ing the NQR spin-lattice relaxation times also showed
a character of the second-order type phase transition;
steep minima in the T vs. temperature curve near the
phase-transition temperatures. The intermediate
phase II has two NQR lines with intensity ratio 2:1,
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Fig. 2. Temperature dependence of the *Br NQR fre-
quencies for CsSnBrs. Three phases I, IT, and ITI exist
betwen 77 and 330 K from the lowest.

L
65 66
Frequency / MHz

Fig. 3. ®BrNQR spectrum for CsSnBrs at 77 K using
a spin-echo method.
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from the highest, suggesting a tetragonally distortion
of the perovskite. As Fig. 3 shows, however, the spec-
tra at 77 K is complicated. At least seven 8!Br lines
could be detected separately, though the exact number
of nonequivalent Br sites could not be determined due
to the broad linewidth. However, the distortion of the
SnBrg octahedra from a regular form is considered to
be only slight because of the small splitting of the
NQR frequencies. This was also supported by the
1198 Mossbauer spectrum, which had no quadrupole
splitting (as described later).

Figure 4 shows the temperature dependence of the
81Br NQR frequency for CH;NH;SnBrs. One 81Br NQR
line was observed near 66 MHz at room temperature, as
was expected from the cubic perovskite structure. This
NQR signal disappeared at 232 K with decreasing
temperature and six new lines appeared at about 180
K, as shown in Fig. 4. Because of the wide distribution
of the spectra at 77 K, one part of the 7981Br NQR spec-

Table 1. 8Br NQR Frequencies for MSnBr3(M=Cs
and CH3NH3)8)
Frequency/MHz

Compounds

77K 296 K
CsSnBry 65.72, 65.13, 64.90,64.65 62.970

64.39, 63.18, 62.92

CH;NH3SnBr;  74.95, 72.83, 71.93 65.766

67.15, 65.85, 61.85

a) Estimated errors 0.05 and £+0.005 MHz at 77 and
296 K, respectively.
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Fig. 4. Temperature dependence of the 81Br NQR fre-
quencies for CHsNH3SnBrs. A part of the BrNQR
line was also observed in the same frequency range
because of the wide distribution of the spectrum.
Dotted lines show the averaged phase transition
temperatures determined by the DTA.
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tra overlapped with each other, as shown in Fig. 4.
The DTA measurements for this compound are shown
in Fig. 5 in the temperature range 160—280 K. Two
large peaks corresponding to solid-solid phase transi-
tions appeared with several degrees of hysteresis.
Between these two peaks a very small one appeared,
though it could not be confirmed by the NQR because
of there being no signal in this intermediate phase.
Therefore, at least three phases (I, II, and III) exist
between 300 and 77 K. Associated with the phase tran-
sition between II«III, the color changed drastically
from red to yellow, suggesting a significant structural
change. In relation to these successive phase transi-
tions, it is particularly interesting that the splitting of
the NQR frequency at 77 K is considerably larger for
CH3NH;3SnBr; than that expected from the crystal
field effect. That is, the highest frequency, about 75
MHz, is comparable to that of a discrete pyramidal
SnBr;~ anion having model (D);! the lowest one,
about 62 MHz, is lower than that of a room-
temperature perovskite structure having model (A).
These findings suggest that there are at least two dif-
ferent SnBr;~ anions having distorted SnBrg octahedra
(such as model (B), (C), or (D)) in the phase L.
Recently, in the course of this study, similar structu-
ral phase transitions from model (A) to (D) were
reported for a series of CsGeX;3 (X=CI, Br, and I)!* in
which the GeX3™ anions have the same valence elec-
tron configuration as that of SnXj;~. The high-
temperature phase of these compounds belongs to a
cubic perovskite, so that the trans Br-Ge-Br bond is
symmetric. In the low-temperature phase, however,
the Ge atom in the halogen octahedral is considerably
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Fig. 5. DTA curve for CHsNH3SnBr3 in the tempera-
ture range 280—160 K. The transition temperatures,

which were determined at the peak positions, show
several degrees of hysteresis.
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displaced from the center of the octahedra along the
three-fold axis and the octahedra becomes distorted
rhombohedrally. Hence, three trans X-Ge-X bonds
become asymmetric X-Ge--- X and the anion can also
be regarded as an isolated anion. These structural
changes are expected for a main-group element having
a valence state with an s-electron lone pair, such as
Sn(II), Ge(Il), As(III), Sb(III), and Te(IV). The
nuclear quadruple resonance of halogens is a useful
technique for this problem and drastic NQR frequency
shifts have been observed for MSnBrs- H,O! and
(C5H5NH)SbBl‘4.5)

The 119Sn Mossbauer Effect for the MSnBr; (M=Cs
and CH3NHj3). !19Sn Mdssbauer spectra at 93 K are
shown in Fig. 6. A quadrupole splitting appears only
for CH;NH;3SnBr3, as was expected from the 81 Br NQR.
On the other hand, the spectra at 293 K are very weak
single Lorentzian, having ca. 1% relative absorption.
119Sn Mdssbauer parameters at 293 and 93 K are sum-
marized in Table 2. It is particularly significant that
not only the quadrupole splitting but also the isomer
shift changed drastically only for the CH;NH;* analog
with decreasing temperature. These results suggest
that the symmetry at the Sn site lowered and the s-
electron density decreased accompanied by structural
phase transitions. This large change of the M&ssbauer
parameters is reasonable if some structural change
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Fig. 6. Sn Mdssbauer spectra for CsSnBrs (1) and
CH;3NHsSnBr; (2) at 93 K.

Table 2. 1%Sn Mdssbauer Parameters for MSnBry
(M=CS and CH3NH3)a)
Temp LS. Q.S. Line width
Compound
K mms~! mms™! mms™!
CsSnBr; 293 4.00 0 0.84
93 4.01 0 0.91
80 3.98 0 0.84
93 3.81 0.54 0.99

a) Estimated error 0.03 ms™.. b) Ref. 23.
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from model (A) to (D) or (B) takes place. In the case of
model (A), the tin atom forms symmetric 3c-4e bonds
in three orthogonal directions, so that there is no s-
orbital hybridization to the bonds. On the other hand,
in the model (D) or (B) structure, the bond angle of the
SnBr;~ anion (Br-Sn-Br) becomes slightly larger than
90 degrees and, hence, a hybridization of the s-orbital
to the p-orbitals takes place.’® Thus, the smaller iso-
mer shifts at 93 K than 293 K can be attributed to a
decrease in the s-electron density due to a hybridization
of the s-orbital to the pure p-orbital bonding.
ITHNMR for CHsNH3SnBr;. In order to examine
the relationship between these phase transitions and
the dynamical property of the cation, the 'TH NMR was
observed as a function of temperature (Fig. 7). The
calculated second moments in phases I and III were
almost constant and were 8+0.5 and 0.51£0.1 G¥(1G=
10~ T), respectively. According to the previous 'H
NMR studies containing the same cation, the second
moment of about 7—8 G2 corresponds to the reorienta-
tional motion of the cation around its Cz axis.!6719
The second moment of about 0.5 G2 corresponds to an
interionic contribution, indicating that an overall
rotation of the cation takes place at a rate higher than
ca. 10°s71, These phase transitions take place at
almost the same temperature at which the 2nd moment
changed stepwise. These results suggest that the phase
transitions are largely affected by the dynamical prop-
erties of the CH3;NH;* cation. Many structural phase
transitions containing the CH3NH;* cation have been
reported, partly because of a change in the effective
volume and partly because of a breakdown of the
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Fig. 7. Temperature dependence of the 'H NMR
second moment for CHsNH3sSnBrs.
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hydrogen-bonding networks.?0=22 In this case, it is
particularly noteworthy that the structure and the
bonding of the anion are also affected associated with
these phase transitions due to the nature of the 3c-4e
bond.
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