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ABSTRACT: Three-dimensional methylhydrazinium (CH3NH2NH2
+,

MHy+) lead halides, related to the famous methylammonium
(CH3NH3

+, MA+) and formamidinium (CH(NH2)2
+, FA) perovskites,

are attractive optoelectronic materials crystallizing in polar structures. In
this work, temperature-dependent 1H and 207Pb magic-angle spinning
(MAS) NMR, Raman as well as high-pressure Raman studies of
CH3NH2NH2PbCl3 (MHyPbCl3) are reported. Raman spectroscopy
reveals many similarities between phonon properties of MHy lead halides
and the MA and FA analogues. In particular, these families of compounds
show an increase in wavenumber of cage modes when large I− ions are
replaced by smaller Br− and then Cl− ones. They also show strong
sensitivity of the CH3 torsional mode on size of the cavity occupied by
MHy+ cation that decreases with decreasing size of the halide anion. The
cage modes of MHyPbCl3 are, however, observed at significantly lower wavenumbers than similar modes of MAPbCl3 and FAPbCl3,
indicating higher softness of MHyPbCl3. Temperature-dependent Raman and NMR studies demonstrate that the MHy+ cations in
MHyPbCl3 are significantly less affected by the temperature-induced phase transition than the Pb−Cl framework. This suggests a
displacive type of the phase transition dominated by tilting and deformation of the PbCl6 octahedra. Analysis of the

207Pb MAS
NMR spectra reveals the presence of two differently distorted PbCl6 octahedra and diminishing (increasing) distortion of the less
(more) distorted octahedra in the high-temperature phase. Pressure-dependent Raman studies reveal the presence of a single first-
order pressure-induced phase transition between 0.72 and 1.27 GPa. Analysis of the spectra indicates that the driving forces for the
pressure-induced phase transition in MHyPbCl3 are tilting and distortion of the PbCl6 octahedra accompanied by reorientation of
MHy+ cations. Raman spectra do not show evidence of any additional phase transition or amorphization up to 6.95 GPa.

■ INTRODUCTION

Perovskite-type hybrid organic−inorganic compounds are very
important functional materials.1,2 For instance, formates are
known for their multiferroic properties,3−7 while dicyanamides
and cyanides are promising barocaloric and dielectric switch-
able materials.8−13 The most famous group of perovskite-type
compounds are, however, metal halides.14−23 In particular,
three-dimensional (3D) ABX3 halides (A = MA+, FA+, or Cs+

cation; B = Pb2+, Sn2+, Ge2+; X = Cl−, Br−, I−) are very
important optoelectronic materials exhibiting remarkable
photovoltaic and photoluminescent (PL) properties as well
as strong multiphoton absorption, making them suitable for
applications in solar cells, light-emitting devices, photo-
detectors, and scintillators, among others.17−23 Very recently,
we have discovered that 3D perovskites may also be
constructed using MHy+ cations.24,25 Similarly to their famous
formamidinium (FA) and methylammonium (MA) analogues,
MHyPbBr3 and MHyPbCl3 compounds also demonstrated PL
properties.24,25 Furthermore, MHyPbBr3 showed very strong
two-photon absorption and switchable dielectric properties.24

However, in contrast to the FA and MA lead halides, MHy
analogues crystallize in polar structures and exhibit significant
second-harmonic generation (SHG) activity.24,25 It is also
worth to add that MHyPbCl3 demonstrates unprecedented
quadratic nonlinear optical (NLO) switching in which SHG
response was switched between the room-temperature (RT)
low-SHG state and the high-temperature (HT) high-SHG
state.25

Properties of hybrid perovskites are very often strongly
affected by structural changes occurring due to structural phase
transitions associated with deformation of the framework and
ordering−disordering of organic cations.3,7−13,16,24−26 Such
structural changes may, for instance, lead to onset of polar
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order,3,7 sudden change of dielectric permittivity,10−13,16 or
appearance of second-order NLO properties.10,24,25 It is,
therefore, of great importance to understand the mechanism
behind these structural changes. Our previous X-ray diffraction
(XRD) studies showed that the HT phase of MHyPbBr3 is
isostructural to the HT phases of FA and MA, i.e., these phases
adopt the cubic space group Pm3̅m with disordered organic
cations.24 On cooling, MHyPbBr3 transforms into the ordered
low-temperature (LT) monoclinic phase (space group P21) at
409 K.24 MHyPbCl3 adopts the same polar space group P21 at
RT, but on heating, it undergoes a temperature-induced phase
transition at 342 K to the HT orthorhombic structure (space
group Pb21m) with ordered MHy+ cations (see Figure 1).25 X-

ray diffraction and dielectric spectroscopy relate this transition
to a tilt of PbCl6 octahedra and reorientation of MHy+

cations.25 However, the mechanism of this phase transition is
still obscured and there is need for other experimental studies
using methods that are sensitive for local structural changes. A
well-known and very sensitive method to probe structural
changes is Raman spectroscopy that was successfully employed
in studies of various organic−inorganic hybrid perovskites,
including lead halides.7,11,13,24,25,27,28 Another powerful
method to study the structural phase transitions in various
compounds is nuclear magnetic resonance (NMR) spectros-
copy.29 This technique has been widely used to investigate
transition phenomena in metal-formate frameworks30−32 and
lead halide perovskites.33−40 In lead halide perovskites, NMR
spectroscopy has been mostly used to study the structural
changes of the PbX6 octahedra37,39 and the dynamics of the
organic cations.33,35−41 Previous NMR studies of CsPbX3

33,36

and MAPbX3 have convincingly shown that the dynamics of
Cs+ and MA+ cations in lead halides change drastically during
phase transitions.33,35−40 In these materials, the most studied
isotopes are 1H, 13C, and 207Pb, which have a nuclear spin I =
1/2. The structural phase transitions and cation dynamics in
these compounds are usually investigated by performing
static36,37,39 and magic-angle spinning (MAS)37−40 experi-
ments and longitudinal relaxation time measure-
ments.33,35,36,40,41

In addition to temperature, pressure is another important
thermodynamic parameter that strongly affects structural and
thus physicochemical properties of materials. The effect of
pressure on 3D lead halide perovskites has been studied both
for MA and FA lead halides.42−49 High-pressure diffraction and
Raman studies of MAPbX3 (X = Cl, Br, I) and FAPbX3 (X =
Br, I) showed that these perovskites usually exhibit two phase
transitions, one below 1 GPa and another one in the 1.6−2.8
GPa range.42−49 The lower pressure transitions were shown to
be related with tilts and distortion of the PbX6 octahedral
units.42−48 The mechanism of the higher-pressure phase

transitions is less clear, but some papers suggested ordering
of the organic cations as a possible driving force.45 It is also
worth to add that a few reports suggested pressure-induced
amorphization, observed usually above 5 GPa.45,46

In this work, we report a combined Raman as well as 1H and
207Pb MAS NMR study of MHyPbCl3 to obtain deeper insight
into the structural changes of the lead-chloride framework and
the dynamics of the MHy+ cations during the phase transition.
We also performed high-pressure Raman measurements to
obtain information on stability of this material under
compression. We show that MHyPbCl3 undergoes a
pressure-induced phase transition that is associated with a
significant change of the lead halide framework.

■ EXPERIMENTAL SECTION

Synthesis. MHyPbCl3 crystals were grown using the
antisolvent method as described in detail in a previous
publication.25

Temperature-Dependent Raman. Raman spectra were
measured for a single crystal using a Renishaw InVia Raman
spectrometer equipped with a confocal DM 2500 Leica optical
microscope, a thermoelectrically cooled charged coupled
device (CCD) as detector, and an argon laser (λexc = 488
nm). To obtain information on low-wavenumber optical
modes, additional measurements were performed using the
same instrument, an eclipse filter, and a diode laser (λexc = 830
nm). The temperature was controlled using a Linkam cryostat
cell. The spectral resolution was 2 cm−1.

Temperature-Dependent NMR. The 1H NMR and
longitudinal relaxation time T1 measurements of MHyPbCl3
were performed at a magnetic field strength of 9.4 T using a
400 MHz Bruker Avance 400 spectrometer. A 4 mm MAS
probe was used with a spinning frequency of 9 kHz and a π/2
pulse length of 7.5 μs. The saturation recovery technique was
used to measure the T1 relaxation time.50 The MAS spectra
were referenced to the 1H chemical shift of tetramethylsilane
(TMS) using poly(dimethylsiloxane) (PDMS) as secondary
reference (0.07 ppm). The 207Pb NMR spectra of MHyPbCl3
were acquired at 9.4 T using a Bruker Advance III HD
spectrometer. A 4 mm double-resonance MAS probe at a
frequency of 83.72 MHz was used with a π/2 pulse length of 3
μs. To measure the 207Pb chemical shift tensor accurately, the
MAS spectra were acquired at two different spinning
frequencies (8 and 10 kHz). A total of 1024 scans were
accumulated to ensure a sufficient signal-to-noise ratio.
Chemical shifts δ were referenced to Pb(CH3)4 at 0 ppm
using a 0.5 M aqueous Pb(NO3)2 solution as a secondary
reference (δ = −2941 ppm vs Pb(CH3)4).

51 The deconvolu-
tion of the 207Pb NMR spectra was performed using the DMfit
software.52 The measured temperature was calibrated based on
the known phase-transition temperature of MHyPbCl3.

25

High-Pressure Raman Spectra. High-pressure Raman
spectra were recorded with a LabRam HR spectrometer from
Horiba with a CCD cooled with liquid nitrogen. The 632 nm
line from a He−Ne laser was used as an excitation source.
High pressure was obtained through a membrane diamond
anvil cell equipped with stainless steel gaskets with holes of
about 150 μm serving as the sample chamber and paraffin oil
(Nujol) as the pressure-transmitting medium. To measure the
pressure, we used the luminescence lines of chromium in small
balls of ruby placed in the same hole in the gasket as the
sample.

Figure 1. Crystal structure of MHyPbCl3 in the (a) LT and (b) HT
phases. Data are taken from ref 25.
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■ RESULTS AND DISCUSSION
1H NMR. To probe the local proton environment and

MHy+ cation dynamics during the phase transition, we
performed 1H MAS NMR measurements of the MHyPbCl3
powder sample. The temperature-dependent 1H NMR spectra
are presented in Figure S1a,b.
The spectra show a single isotropic line with a chemical shift

of about 3 ppm and spinning sidebands separated by 9 kHz.
Unfortunately, the MAS frequency of 9 kHz was not sufficient
to separate proton lines originating from two different proton
environments of methyl and hydrazine. The 3 ppm value of the
isotropic chemical shift is close to that of the methyl group in
MAPbX3 perovskites (3.4 ppm) and hydrazine (N2H4) (3.2
ppm).38,39,53

On heating above the phase-transition temperature, no
substantial changes can be identified in the proton spectra and
chemical shift value. In the related MAPbX3 compounds, a
significant change of the linewidth of the 1H NMR signal is
observed at the phase-transition points,39 which is related to
the pronounced order−disorder dynamics of the MA+ cations.
Our results indicate that such cation dynamics are absent in
MHyPbCl3 in agreement with the XRD results,25 which show
that long-range order of the MHy+ cations is established in
both structural phases of this compound.
To further study the cation dynamics in the vicinity of the

phase transition, we also measured the temperature depend-
ence of the 1H longitudinal relaxation time T1. The obtained
dependence is presented in Figure 2, revealing an increase of

T1 on heating, while at the phase-transition point, a rather
weak anomalous dip of T1 is observed. Previous NMR studies
of the related MAPbX3 compounds revealed a much stronger
decrease of T1 at the phase-transition points,35,38,39,41

indicating a significant role of the MA+ cations in the phase-
transition mechanism. In line with the analysis of the
temperature-dependent 1H spectra and previous XRD
study,25 our T1 measurements reveal that the reorientation of
the MHy+ cations during the phase transition is not the phase
transition driving mechanism in MHyPbCl3.

207Pb NMR. The XRD data revealed that the crystal
structure of MHyPbCl3 consists of two types of differently
deformed PbCl6 octahedra, namely, moderately distorted
Pb(1)Cl6 and significantly distorted Pb(2)Cl6 (see Figure
1).25 To study how these structural units are affected by the
phase transition, we performed temperature-dependent 207Pb
MAS NMR measurements. The obtained spectra are presented

in Figure S1c, revealing two 207Pb signals with substantially
different chemical shift anisotropy. The signal with an isotropic
chemical shift δiso = −711 ppm at RT has a smaller anisotropy,
and thus, it is assigned to the less distorted Pb(1)Cl6
octahedra. The signal with δiso = −1680 ppm at RT is assigned
to the significantly more distorted Pb(2)Cl6 octahedra. The
integrated signal intensity is 1:1 in agreement with the XRD
data.

207Pb NMR studies performed at RT of the closely related
CsPbCl3 and MAPbCl3 perovskites reported isotropic chemical
shifts δiso of −728 and −646 ppm, respectively.40,54,55 Note
that these compounds contain uniformly deformed PbCl6
octahedra.56,57 These values are similar to δiso = −711 ppm
observed for the Pb(1)Cl6 signal of MHyPbCl3. A much higher
chemical shift value of Pb(2)Cl6 octahedra likely originates
from a strong interaction with nitrogen of MHy+ cation (see
Figure 2 in ref 25).
Upon heating, a change of the chemical shift and lineshape

of the broader 207Pb MAS NMR spectrum is observed at
around 345 K (Figure S1c), which can be related to the change
of the distortion of the octahedra at the phase transition.25 The
temperature dependence of the isotropic chemical shift δiso for
both lead sites is presented in Figure 3, indicating an overall

decrease of δiso with decreasing temperature in agreement with
other studies on related compounds.37,39,40,54,55 Upon heating,
at about 345 K, the chemical shift of both Pb(1) and Pb(2)
NMR signals exhibits an anomalous increase, which is much
more pronounced for the Pb(2) lead site (see Figure 3).
To further characterize the phase transition, we performed a

deconvolution of the chemical shift tensor parameters based on
the spinning sideband intensities of the experimental 207Pb
MAS NMR spectra.52 Each deconvoluted spectrum of a single
lead site is described by the chemical shift tensor δ, which, in
the principal axis system, is expressed as58

δ

δ

δ

δ

=

i

k

jjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzz

0 0

0 0

0 0

11

22

33

where δ33 > δ22 > δ11. The aforementioned isotropic chemical
shift is δiso = 1/3 (δ11 + δ22 + δ33)33, while the anisotropy of the
chemical shift tensor is frequently defined by the span and
skew parameters.58 The span parameter Ω = δ33 − δ11 > 0
measures the maximum linewidth of the powder signal and
defines the size of the anisotropy. The skew parameter κ = (δ22
− δiso)/Ω defines the asymmetry of the δ tensor and can vary
from −1 to +1. For κ = 0, δ22 = δiso, and for κ = ±1, δ22 is equal

Figure 2. Temperature dependence of the 1H longitudinal relaxation
time T1 of MHyPbCl3. The inset presents a

1H MAS NMR spectrum
measured at 300 K.

Figure 3. Temperature dependence of the isotropic chemical shift of
207Pb(1) and 207Pb(2) NMR signals of MHyPbCl3.
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to either δ11 or δ33.
58 In this study, we relate Ω and κ

parameters to the distortion of the PbCl6 octahedra in
MHyPbCl3.
The deconvoluted and experimental 207Pb MAS NMR

spectra obtained at 292 K (LT phase) and 350 K (HT phase)
are presented in Figures S2 and S3 for 10 and 8 kHz MAS
frequency, respectively. The deconvolution was performed
with two different sets of parametersone set for each Pb site.
Using the same parameters to deconvolute the spectra
obtained with different MAS rates increases the accuracy of
the fit. The obtained δiso, Ω, and κ parameters for both types of
PbCl6 octahedra are presented in Table 1. They confirm that

the Pb(2)Cl6 octahedra are more distorted than the Pb(1)Cl6
octahedra, but the degree of distortion is different in both
structural phases of MHyPbCl3. Distortion of the Pb(1)Cl6
octahedra is larger in the LT phase than in the HT phase, while
an opposite behavior is observed for the Pb(2)Cl6 units. These
results are in agreement with the behavior of the Pb−Cl bond
length distortion Δd parameter, which shows an average
octahedral distortion, measured in our previous X-ray
diffraction study.25

To investigate the structural deformation at the phase
transition point, we also analyzed the 207Pb NMR spectra
measured at the intermediate temperatures (not shown). The
obtained temperature dependences of the Ω and κ parameters
are presented in Figures 4 and S4, respectively. Both

parameters exhibit anomalous changes at the phase-transition
point. Namely, upon heating, the span parameter of the
Pb(1)Cl6 octahedra decreases rather gradually, which may
indicate a continuous character of the phase transition.
However, the same parameter of the Pb(2)Cl6 units shows a
sudden increase characteristic to the first-order phase
transition in agreement with the differential scanning
calorimetry (DSC) results.25

Temperature-Dependent Raman. The crystal structure
of MHyPbCl3 is composed of corner-sharing PbCl6 octahedra
and MHy+ cations located in the cavities of the framework.25

Vibrational modes can be therefore subdivided into internal

vibrations of MHy+, lattice (translational and librational)
modes of MHy+, and vibrations of the Pb−Cl framework.
There are 24 expected internal modes for a free MHy+ cation,
namely, 12 related to the NH2 groups (symmetric stretching
(2νsNH2), antisymmetric stretching (2νasNH2), scissoring
(2δNH2), rocking (2ρNH2), wagging (2ωNH2), torsion
(2τNH2)), three modes of the CNN skeletal group (symmetric
stretching (νsCNN), antisymmetric stretching (νasCNN), and
bending (δCNN)), and nine modes of the CH3 groups
(symmetric stretching (νsCH3), antisymmetric stretching
(2νasCH3), symmetric bending (δsCH3), antisymmetric
bending (2δasCH3), rocking (2ρCH3), and torsion (τCH3)).
Since the crystal structures of both HT phase (space group
Pb21m) and LT phase (space group P21) comprise four
formula units,25 the total number of internal modes should
increase to 96 (see the correlation diagram presented in Table
S1). MHy+ cations should also contribute to 12 translational
and 12 librational modes. Regarding the Pb−Cl framework,
there should be 48 such modes (Table S1). All internal and
lattice modes should be Raman-active.
Temperature-dependent Raman spectra are shown in

Figures 5 and S5−S8. The observed Raman modes and their

assignment are listed in Table S2. Based on the Raman studies
of methylhydrazinium metal formates7 and lead halide
perovskites,16,24,25,27,28,59 all bands observed above 420 cm−1

can be attributed to pure internal modes of MHy+ cations.
Assignment of these modes to respective motion of atoms is
proposed based on our previous studies of methylhydrazinium
metal formates and MHyPbBr3 as well as Raman and IR
studies of methylhydrazine.7,24,60 It is worth adding here that
one band experiences a very pronounced shift when Br− is
replaced by Cl−. This band, which shifts from 311 cm−1 for
MHyPbBr3 to 485 cm−1 for MHyPbCl3, corresponds to the
τ(CH3) mode.24 Former studies of MAPbX3 perovskites also
showed that the torsional mode exhibited large blue shift when
I was replaced by smaller Br or Cl.59 This behavior was
attributed to strong coupling of the molecular torsion with the
cage. Thus, the unusually large sensitivity of this mode to the
halide atom seems to be a common feature of MHy- and MA-
based perovskites.
Studies of isolated methylhydrazine molecules showed the

presence of three N−H stretching modes at 3366, 3358, and
3314 cm−1.60 RT Raman spectra of MHyPbCl3 show the

Table 1. 207Pb NMR Parameters of Pb(1) and Pb(2) Sites
Determined at 292 and 350 K

T (K) Pb site δiso (ppm) Ω (ppm) κ

292 Pb(1) −711(2) 241(5) −0.18(1)
Pb(2) −1680(2) 931(6) −0.16(1)

350 Pb(1) −663(2) 198(6) 0.21(1)
Pb(2) −1592(2) 1039(7) −0.09(1)

Figure 4. Temperature dependence of the span Ω parameter of
207Pb(1) and 207Pb(2) NMR signals of MHyPbCl3.

Figure 5. Temperature-dependent Raman spectra of MHyPbCl3 in
the 200−15 cm−1 range for c(bb + ba)c ̅ and c(aa + ab)c ̅ polarization
configurations in heating run from 80 to 380 K.
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presence of a doublet at 3286 + 3278 cm−1 and bands around
3223, 3170, 3150, and 3080 cm−1 (Figures S5 and S7). As can
be seen, the N−H stretching bands of MHyPbCl3 are
significantly red-shifted, indicating the formation of medium-
strength hydrogen bonds (HBs). It is worth to add that the
N−H stretching modes of methylhydrazinium metal formates
were observed in the 3320−2923 cm−1 range.7 This behavior
indicates that some N−H bonds form stronger HBs in the
formates than in MHyPbCl3.
Let us now discuss assignment of lattice modes. Former

experimental (at 100 K) and density functional theory (DFT)
studies performed for MAPbX3 perovskites showed that the
octahedra twist (librations) modes are observed at 26 and 32
cm−1 for the iodide, but they shift to higher wavenumbers for
the bromide (to 39 and 47 cm−1) and the chloride (to 42, 54
and 61 cm−1).59 The distortion (bending) modes were located
at 42 + 47, 58, and 75 cm−1 for the I, Br, and Cl analogues,
respectively. Increase of wavenumbers when Br is replaced by
Cl was also observed for FA analogues.28 RT Raman spectra of
MHyPbCl3 show the presence of intense bands at 24 and 32
cm−1 and a few weaker bands in the 46−29 cm−1 range (Figure
5). We assign these bands to the octahedra librations. The
remaining intense bands, observed at RT in the 102−66 cm−1

range, can be most likely attributed to the bending modes. It is
worth noting that for MHyPbBr3, the intense bands
corresponding to librational (bending) modes were observed
at 22 and 18 cm−1 (69 and 45 cm−1),24 i.e., similarly to the MA
and FA analogues, these modes shift to higher wavenumbers
when Br− is replaced by Cl−. DFT and experimental studies of
MAPbX3 perovskites also revealed that remaining lattice
modes, observed for MAPbCl3 in the 238−94 cm−1 range
(values at 100 K), show various degree of coupling between
the cage modes (mainly Pb−X stretching) and organic cation
modes (translations and librations).59 We attribute to these
modes Raman bands of MHyPbCl3 in the 263−115 cm−1

range (values at 80 K).
Having discussed assignment of modes, we now move to

discussion of temperature-dependent Raman spectra. To better
visualize temperature changes in the Raman spectra, we show
temperature dependence of wavenumbers and full width at
half-maximum (FWHM) for several selected internal modes of
MHy+ cation (Figures 6 and 7). In the 340−80 K range,

majority of these high-wavenumber modes exhibit usual blue
shift on cooling, up to a few cm−1. Opposite behavior is,
however, observed for the 3288, 3276, and 3223 cm−1 modes
assigned to the ν(NH2) vibrations (Figures 6d and 7f). Red
shift of these modes points to increased HB strength on
cooling. Nearly all Raman bands related to internal modes
show significant narrowing on cooling and FWHM values are
typically below 10 cm−1 at 80 K (Figures 6, 7, and S5−S8).
The only exception is the τ(CH3) mode for which FWHM is
45.8 cm−1 at 340 K and 36.3 cm−1 at 80 K (Figure 7a). Similar
narrowing of internal modes and a weak change of the FWHM
for the CH3 torsional mode were also reported for MAPbX3
compounds, although MAPbCl3 showed much weaker
narrowing than its iodide and bromide analogues.59

In contrast to a relatively weak temperature dependence of
MHy+ internal modes, the lattice modes show much more
pronounced changes. First of all, only a few broad bands are
observed below 300 cm−1 at 340 K, but many narrow bands
are clearly visible at 80 K (Figure 5, S6, and S8). The number
of expected modes is the same in this temperature range.
Therefore, much smaller number of bands at 340 K than at 80
K can be attributed to band broadening that causes overlap of
many bands. The significant increase in bandwidth of lattice
modes when going from 80 to 340 K points to strong
enhancement of thermal motions. It is worth adding that the
lowest-wavenumber mode is observed at 24 cm−1 (80 K),
whereas such a mode was observed at 37 cm−1 (77 K) for
FAPbCl3 and 42 cm−1 (100 K) for MAPbCl3.

28,59 Thus,
MHyPbCl3 seems to be more soft than MAPbCl3 and FAPbCl3
and this behavior as well as shift of the lowest-wavenumber
modes are related to change of the organic cation radius that
decreases in the MHy+ > FA+ > MA+ order.

Figure 6. Temperature dependence of wavenumbers (open symbols)
and FWHM (closed symbols) for several modes observed in the c(bb
+ ba)c ̅ polarization.

Figure 7. Temperature dependence of wavenumbers (open symbols)
and FWHM (closed symbols) for several modes observed in the c(aa
+ ab)c ̅ polarization.
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Raman spectra exhibit clear and abrupt changes when
temperature changes from 340 to 345 K, indicating onset of
the structural phase transition (Figures 5−7). This temper-
ature interval is in a very good agreement with the DSC peak
found at 342 K in the heating run.25 In the high-wavenumber
region, Raman bands do not show pronounced changes in
intensities (Figures S5−S8) but many modes exhibit weak
shifts, usually much below 4 cm−1 (Figures 6 and 7; Table S2).
For instance, the ρ(CH3) modes exhibit upshifts (from 1091.1,
1113.4, and 1227.4 cm−1 at 340 K to 1094.7, 1114.5, and
1228.1 cm−1 at 345 K, Figures 6a,b and 7c), whereas the
νas(CNN), δ(NH2), and ν(NH2) modes exhibit downshifts
(from 1011.3, 1598.1, and 3223.7 cm−1 at 340 K to 1010.2,
1595.9, and 3222.2 cm−1 at 345 K, respectively; Figure 7a,d,f).
These changes indicate that the phase transition affects HBs
and structure of MHy+. Furthermore, a number of doublets
coalescence into singlets in the HT phase (Figures S5−S8).
For example, this behavior is observed for the ν(NH2) and
νs(CH3) modes (Figures S5, S7, and 6c,d). Another character-
istic change is disappearance of many bands at 345 K. The
smaller number of observed Raman bands in the HT phase is
consistent with higher symmetry of this phase. According to X-
ray diffraction data, the LT phase comprises two crystallo-
graphically unique MHy+ cations25 and according to the
selection rules, they should give rise to four νs(CH3) Raman
bands (2A + 2B, Table S1). However, for very weak Davydov
splitting, only two bands could be expected. We observe only
two νs(CH3) bands for the LT phase, in agreement with
negligible Davydov splitting. In the HT phase, there is only
one unique MHy+ cation and in the polarization configuration
used here, two νs(CH3) bands should be observed (A1 + B2).
Similarly to that in the LT phase, Davydov splitting is
negligible and we observe only one band. Finally, the phase
transition also leads to increase in FWHM values (Figures 6a,d
and 7). However, these changes are small, just a few cm−1, and
much weaker than that observed previously for MHyPbBr3,
MHy2PbI4, or methylhydrazinium metal formates,7,16,24 which
transformed from ordered to disordered phases. Raman data
confirm therefore that MHy+ cations remain ordered in the
HT phase.
The phase transition leads also to a few characteristic

changes in the lattice modes region. First, some bands shift to
lower or higher wavenumbers (Figure 5 and Table S2). For
instance, the 98 cm−1 band at 340 K shifts to 92 cm−1 at 345 K
(Figure 5a). Second, some bands coalescence or become
narrower. This behavior is observed, for instance, for the 76
and 65 cm−1 bands (values at 80 K) that merge into one band
at 66 cm−1 when temperature increases to 345 K (Figure 5a).
Third, some bands exhibit significant change in intensity (see,
for instance, the 46 cm−1 band in the c(aa + ab)c ̅ polarization;
Figure 5b). The observed changes are consistent with the first-
order character of the phase transition and increased symmetry
of the HT phase. However, these changes are not very
pronounced, indicating that the phase transition leads to
relatively weak changes in the framework distortion and PbCl6
tilts.
High-Pressure Raman Spectra. The Raman spectra of

MHyPbCl3 on compression are presented in Figure 8, and the
pressure dependence of Raman wavenumbers is shown in
Figure 9. The values of wavenumber intercepts at zero pressure
(ω0) and pressure coefficients (α = dω/dP) obtained from
fitting of the experimental data with a linear function ω(P) =
ω0 + αP are listed in Table S3.

The Raman spectra do not change qualitatively with
increasing pressure up to 0.72 GPa. Table S3 shows that the
ν(NH2) and ρ(NH2) modes exhibit negative pressure
dependence. This behavior indicates strengthening of the
N−H···Cl HBs on compression. Similar behavior was reported
for IR-active modes of FAPbI3, but the pressure coefficients α
are significantly smaller for MHyPbCl3 (up to −6.53 cm−1

GPa−1; see Table S3) than for FAPbI3 (up to −15.4 cm−1

GPa−1),37 indicating a weaker effect of pressure on the HBs.

Figure 8. Raman spectra of MHyPbCl3 for compression run.

Figure 9. Pressure dependence of the Raman modes during the
compression run. The solid lines are linear fits on the data to ω(P) =
ω0 + αP. The vertical lines correspond to the phase-transition
pressure.
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The CNN and lattice modes of MHyPbCl3 shift to higher
wavenumbers on compression (Table S3). This behavior
indicates that pressure leads to a significant compression of the
C−N, N−N, and Pb−Cl bonds.
On further increase of pressure, Raman spectra exhibit a

sudden change at 1.27 GPa (Figures 8 and 9). First, the cage
modes exhibit large shifts and change in intensity. This
behavior proves that the phase transition near 1 GPa is
associated with change in the tilting and distortion of the
PbCl6 octahedral units. Thus, MHyPbCl3 behaves in a similar
way to the MA and FA analogues, for which the phase
transitions observed below 1 GPa (for MAPbX3 and FAPbX3,
X = I, Br) and at 2 GPa (for MAPbCl3) were also attributed to
tilts and distortion of the PbX6 octahedra.42−48 Second, the
bands involving translational and librational motions of MHy+

cations show a significant increase in intensity and narrowing
(Figure 8c and Table S3). Since the MHy+ cations are ordered
in the ambient-pressure phase, such a behavior cannot be
attributed to locking of these ions. Therefore, we attribute this
behavior to decreased rotational degree of freedom of MHy+

cations in the high-pressure phase. Third, the two N−H
stretching modes observed at 3220.6 and 3273.5 cm−1 at 0.72
GPa shift to higher wavenumbers (3231.5 and 3279.0 cm−1,
respectively) at 1.27 GPa. A shift to higher wavenumber is also
observed for the ρ(NH2) mode (847.9 cm−1 at 0.72 GPa).
Furthermore, this mode splits at 1.27 GPa into 848.6 + 853.5
cm−1 doublet and its intensity strongly increases (Figures 8b
and 9b). The observed upshifts and change in intensity point
to a significant reconstruction of the HBs network and
decrease of the HBs strength, probably due to significant
reorientation of MHy+ cations. Fourth, the νas(CNN) and
νs(CNN) bands show jump-shifts to lower wavenumbers by up
to 3.7 cm−1. Very clear shifts to lower wavenumbers are also
noted for all modes related to vibrations of CH3 groups. This
behavior confirms weakening of amine-framework interactions
in the high-pressure phase. Moreover, the splitting observed in
the ambient-pressure phase for the νs(CNN) mode near 880
cm−1 and the νs(CH3) mode near 2960 cm−1 disappears in the
high-pressure phase. This behavior resembles that observed in
the transformation from the LT to HT phase at 345 K and
could be probably attributed to the decrease of the
crystallographically unique MHy+ cations from two in the
ambient phase to only one in the high-pressure phase.
On further increase of pressure, the spectra do not show any

changes that could indicate onset of another phase transition.
The ν(NH2) bands show a negative pressure dependence, and
nearly all other bands exhibit a positive pressure dependence,
pointing to increasing amine-framework interactions and HBs
strength on compression of this phase. Except the 200−100
cm−1 modes, nearly all other modes show significantly reduced
pressure coefficients α, compared to the ambient-pressure
phase (Table S3). This behavior points to the smaller
compressibility of the high-pressure phase. Raman spectra
also show that the bands remain narrow up to the highest
pressure reached in our experiment (6.95 GPa). Thus, in
contrast to the FA and MA analogues, there is no evidence of
pressure-induced amorphization of MHyPbCl3.
The Raman spectra of MHyPbCl3 upon decompression

show that the ambient-pressure phase is recovered (Figure S9),
indicating reversibility of the phase transition.

■ CONCLUSIONS
1H MAS NMR experiments demonstrated that the MHy+

cations in MHyPbCl3 are only weakly affected by the
temperature-induced phase transition. This suggests a
displacive type of the phase transition dominated by
deformation of the PbCl6 octahedra. 207Pb MAS NMR
measurements revealed two signals that correspond to two
differently distorted PbCl6 octahedra, namely, moderately
distorted Pb(1)Cl6 and significantly distorted Pb(2)Cl6.
Temperature-dependent measurements of the 207Pb chemical
shift tensor revealed a first-order character of the phase
transition. These results also demonstrated that distortion of
the Pb(1)Cl6 octahedra becomes smaller on transition to the
HT phase, whereas an opposite behavior is observed for the
Pb(2)Cl6 units
Raman studies revealed many similarities between the

phonon properties of 3D methylhydrazinium lead halides
and known MA and FA analogues. In particular, these families
of compounds showed an increase of cage modes’ wave-
numbers when large I− are replaced by smaller Br− and then
Cl−. They also showed very pronounced sensitivity of the CH3

torsional mode on halide type. Furthermore, in both the MHy
and MA analogues, this torsional mode gives rise to a very
broad Raman band, even at very low temperatures. These
features indicate strong coupling of the molecular torsion with
the cage. Temperature dependence of Raman spectra showed
weak shifts and broadening at the phase-transition temperature
for bands related to MHy+ internal modes. Much more
pronounced shifts and changes in bands’ intensities were,
however, observed for the lattice modes. Raman data confirm,
therefore, that the phase transition in MHyPbCl3 is not driven
by temperature-induced unlocking of reorientational motions
of the MHy+ cations but by tilting and deformation of PbCl6
octahedra, in agreement with the NMR results.
Pressure-dependent Raman studies revealed the onset of one

pressure-induced phase transition between 0.72 and 1.27 GPa.
The abrupt changes in the Raman spectra point to a first-order
character of this transition. Analysis of the spectra indicates
that the phase transition is associated with a change in the
tilting and distortion of the PbCl6 octahedral units. It is also
accompanied by reorientation of MHy+ cations. Thus, similarly
to the MA and FA analogues, the driving force for the
pressure-induced phase transition is tilting and distortion of
the octahedral units. However, in contrast to the majority of
MA and FA analogues, no evidence of a second phase
transition or amorphization at higher pressures could be found
for MHyPbCl3.
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