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could be used to study the crystal structure of these novel semiconductor
materials. In this work, we have studied the vibration properties of the
3-cyanopyridinium (3cp’ = [3-CN-C5H5NH] ") cation in the hybrid organic-
inorganic halide post-perovskite (3cp)PbBrs;. For DFT modeling of the experi-
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Russian Science Foundation,
Grant/Award Number: 22-22-00437

cation, minimal stoichiometric cluster and nanocluster. Calculations of a free
cation adequately describe most of the internal vibrations. To describe high-
wavenumber hydrogen stretching vibrations, and first of all N-H vibrations, it
is necessary to use sufficiently large clusters. We show in the cluster approach
for crystal field description that it is necessary to include in the cluster not only
halogens but also their nearest environment. In this case, agreement with
experiment is reached, and further considerations can be put forward about
the strength of the hydrogen bond and its role in stabilising the crystal.
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1 | INTRODUCTION B*" =Pb*", Sn*"; X =1, Br, Cl)° Three-

dimensional crystal structure is formed by the corner-

Halide perovskites and their low-dimensional analogues
are unique ionic semiconductors with possible
applications ranging from solar cells' to lasers>® and
from white light emitting diodes® to informational
photonics elements.’ This class of materials has a huge
variety of crystal structures: in addition to the diversity of
structures known for all-inorganic oxide perovskites,
hybrid organic-inorganic halide perovskites exhibit a vast
diversity of structures defined by organic cations. The
most studied members of the latter are three-dimensional
(3D) hybrid lead halide perovskites with the
structural formula ABX; (A" = CH;NH; ", HC [NH,]";

shared lead-halide octahedra and small organic cations
A" in the cavities formed by the octahedra framework.
Larger organic cations A™ break classic 3D perovskite
structure being able to stabilise 2D,”* 1D,>'° and oD"'
structures and more complex haloplumbates and
analogues.””™  Among  these  low-dimensional
perovskite-like structures quasi-2D crystals got great
attention due to prospect optical features for the optoelec-
tronic devices, such as broadband exciton emission,
bandgap tuning and increased oscillator strength.’>”
The physical properties of perovskite materials
depend dramatically on their crystal structure. One of the
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research techniques that are able to address this
structure is vibrational spectroscopy, namely infrared
(IR) absorption and Raman scattering. Raman spectros-
copy is actively used to study the vibrational properties of
perovskite crystals'®'® and thin films.?**" However, the
large mass of the lead cation and halogen anions leads to
low wavenumbers of the inorganic subsystem (below
200 cm ). This complicates the study of inorganic sub-
system vibrations by widespread standard equipment. In
predominantly ionic crystals of halide perovskites,
organic cations remain sufficiently isolated. For this rea-
son the observed internal vibrations of organic cations in
the crystal correlate quite well with the vibrations of free
cations lying in the 200-3500 cm ' range.

The organic cations also could be treated as spectators
of the crystalline environment. The crystalline environ-
ment has an effect on organic cations vibrations, which
can manifest itself in (1) the polarisation of Raman lines
due to the symmetry of the ordered arrangement of cat-
ions in the crystal; (2) splitting of lines due to a decrease
in the symmetry of cations, the interaction of cations or
the presence of several nonequivalent crystal sites;
(3) shifts of lines due to the interaction of cations with
the environment; and (4) changes in lines intensity
including the emergence of vibrations prohibited in free
cations by symmetry selection rules. Various internal
vibrations are subject to these phenomena to varying
degrees, and among them, the greatest influence can be
expected for the vibrations of the N-H group holding the
major positive charge of the cation.

Density functional theory (DFT) could be used to
model vibrational spectra with two possible approaches.
The first of them is the modeling of the whole crystal by
the periodic DFT. This method faces several problems:
the limited choice of available functionals, the long
duration of calculations in the case of a large number of
atoms in the unit cell (for example, crystals with reduced
symmetry) and the complexity of interpreting observed
effects. Another approach is the DFT calculations of
crystal fragments (clusters) cut from the periodic crys-
tal.*>** This method is attractive due to the possibility of
a gradual transition from the isolated cation to the cat-
ion in the crystal environment. In halide perovskites the
inter-cation interaction is minimal, and the masses of
atoms of the inorganic subsystem are large and they can
be considered practically stationary for calculations of
internal vibrations of organic cations. For these reasons,
one can expect a good agreement between the DFT cal-
culation and experiment results even for rather small
clusters.

In this work, we will sequentially construct a cluster,
which will allow us to take into account the influence of
the crystalline environment on the Raman spectra of an

organic cation in a perovskite-like structure. As an
object for study, we chose the halide post-perovskite
3-cyanopyridinium lead tribromide (3cp)PbBr; (3cp™ =
[3-CN-C5H5NH]).>* This material belongs to the class
of layered perovskite-like compounds with inorganic
layers separated by layers of organic cations. The DFT
was used earlier to address the properties of cations in
this material. DFT of isolated cation was used to establish
the vibrations selection rules and to identify vibrations in
the Raman spectrum of the material.*® The cluster con-
sisting of two cations (dimer) was used to evaluate the
inter-cation interaction manifesting itself as an emer-
gence of the organic band in crystal DFT study.** In this
work, we will study three different models and compare
the obtained results with the experimental Raman
spectrum.

2 | EXPERIMENTAL DETAILS

The synthesis and basic characterisation of (3cp) PbBr3
post-perovskite single crystals are given in previous stud-
ies.”** The experimental Raman spectrum of post-
perovskite (3cp)PbBr; was measured at T = 300 K using
a Horiba LabRam HR 800 spectrometer with a grating of
1800 mm ' and a spectral resolution of 2 cm . A solid-
state laser with a wavelength of 532 nm and a power of
10 mW was used for sample excitation. The intensities, at
which visible changes with the sample and spectrum
occur, were found and several orders of magnitude less
were chosen for recording the spectra. Also, the coinci-
dence of the spectra at the beginning and end of the
experiment was checked. To focus the laser beam on
the surface of the sample, an Olympus BX41 microscope
with an objective with a numerical aperture of
(10x)/0.75 was used. The unpolarised Raman spectrum
was recorded. A detailed study of polarised Raman spec-
tra and the selection rules used for their interpretation is
given in our recent paper.”” DFT calculations were per-
formed using the GAUSSIAN16 program®® installed on
the Huawei cluster in the Computing Center of
St. Petersburg State University (cc.spbu.ru). The wB97XD
functional was used with correction for long distances
and taking into account dispersion interactions. The full
def2SVP basis set available for heavy elements (Pb and
Br) was used.

3 | RESULTS AND DISCUSSION

Figure 1 shows the experimental unpolarised Raman
spectrum of (3cp)PbBr; single crystal. Due to the large
mass of atoms that make up the inorganic framework,
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FIGURE 1 Experimental Raman
spectrum of (3cp)PbBr; (log scale).
Insets show (3cp)PbBr; photo and
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all the peaks observed in the range of 150-3200 cm ™’

refer to internal vibrations of (3cp) cations. To interpret
this spectrum, three different models were calculated,
which are fragments of the crystal structure obtained in
XRD.*

Three studied cluster models are shown in Figure 2.
Cluster I is the (3cp)" free cation obtained by protonating
of the 3-cyanopyridine molecule. It has N = 13 atoms
and belongs to the C, point group characterised by a mir-
ror plane through all atoms. Cluster II is the minimal
stoichiometric cluster with formula (3cp)PbBr; coincid-
ing with that of the actual material. For the same reason,
the cluster is electrically neutral. Three bromine atoms
and a lead atom were chosen so that cluster II also
belongs to the point group C,. The same mirror plane is
also present in the crystal structure at room tempera-
ture.** Cluster III with formula (3cp),Pb,Br;, consists of
the (3cp)” cations dimer and two [Pb,Brs]~ fragments
of different post-perovskite inorganic layers. This cluster
is non-stoichiometric, electrically neutral and belongs to
the C; point group with the inversion center also present
in the crystal structure. Next, we consider the results of
DFT calculation for each of the models. For calculated
Raman spectra the C; = 0.924 and C, = 0.938 scale fac-
tors were used for the 0-2500 cm ' and >3000 cm '
spectral regions, respectively.

3.1 | Cluster [—Free cation

Cluster geometry was fully optimised using wB97XD/
def2SVP density functional. The absence of imaginary
vibrational wavenumbers indicated that a local minimum
had been reached. The symmetry analysis of the cation
yield 3N — 6 = 33 normal modes with in-plane (4’) and
out-of-plane  (A”) vibrations ([, = 234 + 104").
Table 1 shows scaled calculated wavenumbers. All vibra-
tions are both IR and Raman active. Calculated Raman
spectra are shown in Figure 3 (red curve).

In the lowest wavenumber region, weak out-of-plane
(A") wagging (w)-C-H vibrations and weak torsional (z)
vibrations of the pyridinium ring are located. In-plane
(A") scissor () and pendular (p) vibrations of the -C-H
groups and ring are mostly located in the 1000-
1500 cm ™' region. Among them, the most Raman-active
modes are 1163.8, 994.6 and 969.0 cm ™. The intense
1587.5 cm™' mode corresponds to the stretching vibra-
tions (v) of -C=C- and -N=C-double bonds of the pyri-
dinium ring. Most of these modes were unambiguously
matched to experimental values in Table 1.

The high-wavenumber region of the spectra is
depicted in Figure 4. The intense —C=N triple bond
stretching mode is located at 2242.7 cm ™' very close to
the experimentally observed Raman line at 2234 cm ™.
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TABLE 1 Experimental and calculated (clusters I and IT) wavenumbers.
Scaled calculated wavenumbers/cm " s ¢

Experimental (Raman intensity) (\:::Ig::lltlllesltler number for
No. Symmetry wavenumber/cm ' Cluster I Cluster II different assignments)
vy A 3095 (w) 3360.0 (73) - o(N1-H) I
v A 3065 (m) 3060.2 (144) 3056.8 (175) v(C6-H) + v(C5-H)
vy A 3051 (sh) 3051.2 (17) 3044.2 (163) v(C5-H) — v(C6-H)
Vg A = 3050.9 (81) 3005.2 (204) 0(C2-H) I/v(C4-H) IT
Vo A 2940 (w) 3036.0 (52) 2949.4 (102) v(C4-H) I/v(C2-H) II
vy A 2234 (s) 2242.7 (285) 2237.2 (206) o(C =N)
Vi A - - 2176.5 (333) v(N1-H---Br) II
Va7 A 1587 (s) 1587.6 (70) 1581.9 (48) vCC + vCN (ring stretch)
Ve A 1565 (w) 1550.8 (9.9) 1538.6 (13) vCC + vCN (ring stretch)
Vys A 1475 (w) 1478.1 (2.9) 1431.9 (10) SHCC + SHNC + vCC + oCN
Voy A 1422 (w) 1390.3 (0.7) 1374.6 (4.1) pCH + oCC + vCN
Vs A 1346 (W) 1281.3 (3.8) 1257.5 (38) SHCN + SHCC + vCC-0CN
VA 1243 (w) 1260.0 (3.1) 1225.3 (5.1) pCH + vCC + vCN
vy A 1213 (m) 1208.8 (5.3) 1184.1 (12) SHCC + SHCN + vCN
Vao A 1190 (m) 1163.8 (25) 1147.5 (44) J0HCC + v(C-C) (cyano group)
Vg A 1129 (w) 1120.5 (4.1) 1107.0 (24) pCH + vCC + oCN
vig A 1063 (W) 1051.1 (1.6) 1051.8 (8.0) SHCC + pCH + vCC
V17 A 1031 (s) 994.6 (21) 985.0 (58) vCC + vCN + pCH (breathing)
Vie A" 972.4 (0.3) 1048.6 (11) ®CH + tCCCC (bending)
Vis A 997 (W) 969.0 (23) 981.5 (0.6) JOCNC + JdCCC (stretching)
V14 A" 933 (w) 937.0 (0.1) 934.8 (2.0) ®CH + oNH + 7CCCN (bending)
Vis A" 898.8 (1.5) 911.6 (9.5) ©CH + oNH + 7CCCC (bending)
v, A 821 (W) 811.2 (1.1) 903.8 (7.1) oCH + oNH
v, A 804 (sh) 748.9 (0.5) 783.4 (0.2) 7CCCC + rCCCN + wCH + oNH
Vio A 780 (m) 736.1 (8.7) 738.8 (24) J0CCN + JdCCC + vCC (cyano group)
Vo A 702 (W) 635.2 (0.5) 658.1 (0.5) wCH + wHN ~+ bending
Vg A 630 (m) 593.4 (2.8) 579.2 (2.8) SCCC + dCNC
v, A 553 (m) 532.1 (4.3) 555.1 (3.7) wCCCC + wNH + oCH
Vs A 510.4 (1.9) 514.5(2.1) 0CCN + ¢CCC
Vs A 472 (m) 440.2 (4.4) 441.7 (4.5) 5CCC + 6CNC
Va A 396 (m) 370.5 (0.1) 389.6 (0.2) tCCCN + rCCCC (bending)
Vs A" 358 (m) 343.9 (2.9) 360.1 (3.3) 7CCCC + CCCN + 4CCN (cyano group)
Vs A - 147.2 (3.4) 159.5(3.2) OCCN (cyano group)
v A - 136.0 (0.3) 141.2 (0.5) 7NCCC (bending)

Abbreviations: d, p, scissor and pendular in-plane deformational vibrations, respectively; v, stretching vibrations; , z, wagging and torsional out-of-plane
deformational vibrations, respectively; m, medium; sh, shoulder; s, strong; w, weak. The most intense modes are in bold.

Calculated -C-H stretching vibrations (Figure 4B, red
curve) are lying above 2900 cm ™~ '. Compared to the spec-
trum of the 3-cyanopyridine molecule, the addition of a
proton results in the emergence of pronounced -N-H
stretching vibration. The calculation for a free cation

(cluster I) gives the wavenumber of these vibrations as
3360 cm ! (shown by the red arrow in Figure 4A). How-
ever, this vibration is not observed in the experimental
spectrum (Figure 4A). This is due to the fact that the -N-
H vibration wavenumber is sufficiently transformed
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FIGURE 3 Experimental (A) and ] —— Experiment (A)

calculated (B) Raman spectra for the 0- 1500

1800 cm ™" region.
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FIGURE 4 Experimental (A) and calculated (B) Raman spectra for the 2000-3400 cm ™! region. Arrows denote the -N-H stretching
vibration. (C) Correlation of experimental and calculated wavenumbers for cluster II1.

under the action of the crystalline environment in com-
parison with the free cation I. For this reason, the calcu-
lation of a larger cluster is necessary.

3.2 | Cluster [I—Stoichiometric cluster
The (3cp)PbBr; cluster II was partially optimised with
the fixed position of inorganic atoms. As in the case of
cluster I, only 13 atoms of (3cp) cation were not fixed in
cluster II. Calculated wavenumbers for cluster II are pre-
sented in Table 1 and the calculated Raman spectrum is
shown in Figure 3B and Figure 4B (orange curve). Modes
in the 0-1800 cm ™' region experience only minor shifts
and some increase in the Raman activity. The pro-
nounced -C = N stretching mode remains practically at
the same wavenumber as in cluster I and experiment.

The approximate local crystal field created by the
atoms of the inorganic framework included in cluster II
has a significant effect on the wavenumbers of hydrogen
stretching vibrations.

The most pronounced shift is observed for the —-N-
H.---Br vibration /55 = 2176.5 cm ™! in cluster II in com-
parison with —-N-H vibration vs; = 3360.0 cm™* for free
cation in cluster I. The decrease in wavenumber by
almost 1200 cm ' is associated with the attraction of
hydrogen to the bromine atom and a decrease in the
strength of the bond with nitrogen. This conclusion is
supported by the analysis of the bond lengths and bond
orders for constituent atoms in Tables 2 and 3. The
Br14---H9 bond in cluster II has a bond length of 2.218 A
and a bond order of 0.381. The appearance of this bond
leads to an increase in the N1-H9 bond length from
1.021 A for cluster I to 1.109 A for cluster IT, and a simul-
taneous drop in the bond order from 0.900 to 0.693.
Accounting for the local crystalline environment also
leads to the weak decrease (~100 cm ') of the v,y wave-
number. This is the stretching vibration of the H10
hydrogen connected to the C2 ring carbon.

Such a strong decrease in the -N-H stretching vibra-
tion wavenumber (shown by the orange arrow in
Figure 4A) should move it close to the v,g vibration
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q TABLE 2 Bond lengths and bond
Bond length, A Bond order ?n (.eng S and bon
orders for organic cation bonds.
Group Bond I II II1 I I II1
Ring N1~C6 1.347 1.356 1.343 1.303 1.320 1.306
Ring N1~C2 1.343 1.333 1.334 1.323 1.411 1.359
Ring C2~C3 1.391 1.397 1.392 1.421 1.342 1.397
Ring C3~C4 1.405 1.400 1.402 1.371 1.402 1.370
Ring C4~C5 1.394 1.395 1.393 1.394 1.387 1.400
Ring C5~C6 1.383 1.381 1.381 1.452 1.438 1.442
Substituent C3~C8 1.436 1.438 1.436 1.090 1.083 1.103
Cyano N7=C8 1.115 1.156 1.156 3.011 3.019 2.964
Protonation N1-H9 1.021 1.109 1.038 0.900 0.693 0.832
C2-H10 1.091 1.100 1.097 0.956 0.933 0.939
C4-H11 1.092 1.094 1.092 0.971 0.966 0.967
C5-H12 1.090 1.090 1.090 0.964 0.963 0.963
C6-H13 1.091 1.091 1.089 0.955 0.971 0.962
Note: For atom numbers see Figure 2. In cluster III bonds for the second cation are the same due to the
symmetry.
TABLE 3 Bond lengths and bond orders for hydrogen-halogen of two organic cations connected by the inversion opera-
bonds. tion of the point group C;. Group-theoretic analysis shows
Bond length, A Bond order Fhat Vlbrat1on§ of two symmetr}es a.re possible: A,, wh.lch
is only IR-active, and A, which is only Raman-active.
Bond I mI I m The A, vibrations are symmetrical with respect to the
Br14/Br40---H9 2.218 2.293 0.381 0.172 center of inversion and could be represented as in-phase
Br14/Br40---H10 2.768 3.062 0.131 0.026 vibrations of two organic cations. The number of internal
Br17/Br35.-H11 3,386 3100 0.019 0.044 vibrational modes in cluster III is doubled compared to
clusters I and II. However, the number of normal modes
Br17/Br35---H12 2.863 3.007 0.037 0.033 ] .
observed in the Raman spectra should remain the same
Bri6/Br31--H11 3003 3134 0.052 0.016 —33, since only half of 66 modes belong to the A, symme-
-/Br28---H10 - 3.174 - 0.075

Note: For bromine atoms numbers are given for clusters II/III. For atom
numbers see Figure 2.

corresponding to the -C = N stretching. However, this
contradicts the experimental observation depicted in
Figure 4A, where only one peak is observed in the 2000-
2800 cm ™! wavenumber range. Thus, both the model of a
free cation in cluster I and the first approximation of the
crystal field in cluster II do not allow one to describe -N-
H vibration correctly, and a bigger cluster is required to a
more accurately model the crystal field.

3.3 | Cluster III—Nanocluster

The (3cp),PbyBryq cluster ITI was partially optimised with
the fixed position of inorganic atoms, C2 and C15 atoms
in order to keep the cluster structure. Cluster III consists

try. Scaled calculated wavenumbers for cluster III are
presented in Table 4, and the calculated Raman spectrum
is shown in Figure 3B and Figure 4B (green curve). There
are two cluster III modes (A, and A,) for each free cation
mode in Table 4.

The main feature of cluster IIT compared to cluster II
is a more accurate consideration of the local environment
of the bromine anion. The presence of lead cation Pb*"
and an additional bromine anion Br~ leads to the redis-
tribution of the electron density on the bromine of inter-
est and the decrease of the H---Br bond strength. This
leads to the increase of the (N1-H---Br) wavenumber
from Vs =2176.5 cm ' in cluster II to wvs(Ay)
= 3064.0 cm ™' in cluster IIL This brings this N-H vibra-
tion to the region of C-H stretching vibrations (shown by
the green arrow in Figure 4A). The experimental observa-
tions in Figure 4B support this result and verify the cor-
rectness of the cluster ITI construction procedure.

The -N-H---Br interaction raises the question of the
presence of the H---Br hydrogen bond in this material.
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TABLE 4 Experimental and calculated (cluster III) wavenumbers.
Scaled calculated
wavenumber/cm !

No. of free cation (Raman intensity) Experimental

vibration mode Assignment Symmetry Cluster III wavenumber/cm *

V33 v(C6-H) + v(C5-H) Aq 3073.8 (197) 3095 (W)
A, 3073.8 (0) -

Vs o(N1-H---Br) A, 3064.0 (699) 3065 (m)
A, 3063.6 (0) =

Us1 v(C5-H) — v(C6-H) A, 3050.0 (207) 3051 (sh)
A, 3050.2 (0) -

Uso v(C4-H) Ag 3029.0 (294) =
A, 3029.0 (0) =

Usg »(C2-H---Br) A, 2981.6 (171) 2940 (w)
A, 2981.7 (0) -

Uag o(C=N) A, 2237.3 (276) 2234 (s)
A, 2237.1 (0) =

Uy vCC 4 vCN + SHCC + SHNC A, 1594.5 (71) 1587 (s)
A, 1595.1 (0) -

Uz vCN + vCC + JHCC + JHNC Ag 1558.1 (44) 1565 (w)
A, 1558.3 (0) =

Vs J0HCC + JHNC + vC=C Ag 1472.2 (21) 1475 (w)
A, 1472.3 (0) -

Vas SHNC + 6HCC + vCC — vCN Ag 1390.0 (13) 1422 (w)
A, 1390.2 (0) =

Uns vC=C — vCC + JHNC + SHCC A, 1285.8 (34) 1243 (W)
A, 1285.3 (0) -

Vs pCH + vCC - oCN Aq 1260.5 (22) -
A, 1260.2 (0) =

U SHCN + SHCC + oCN A, 1208.5 (8.2) 1213 (m)
A, 1208.3 (0) -

V2o vCC (cyano group) + pCH Ag 1159.2 (52) 1190 (m)
A, 1159.2 (0) =

V19 pCH (ring) Ag 1110.4 (46) 1129 (w)
A, 1110.6 (0) -

U1g pCH + vCC + vCN Ag 1051.5 (28) 1063 (w)
A, 1050.9 (0) =

V17 wNH + oCH Ag 998.4 (127) 1031 (s)
A, 998.3 (0) -

U1s vCC + vCN + wNH + «CH Ag 991.5 (12) 997 (W)
A, 991.4 (0) =

s wCH + 7CCCC (bending) A, 969.4 (4.3) -
A, 969.1 (0) -

Vig J0CCN + JCCC (ring) Ag 965.2 (12) -
A, 965.2 (0) =

(Continues)
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TABLE 4 (Continued)
Scaled calculated
wavenumber/cm !

No. of free cation (Raman intensity) Experimental

vibration mode Assignment Symmetry Cluster III wavenumber/cm *

Vis oNH + @CH + tCCCC A, 922.7 (3.1) 933 (W)
A, 922.6 (0) -

V12 ®»CH + wNH + CCCN Ag 869.9 (10) 821 (w)
A, 869.8 (0) =

1281 wCH + wNH + tCCCC Ag 766.8 (13) 804 (sh)
A, 766.8 (0) -

V1o OCCN -+ vCC (cyano group) Ag 742.6 (19) 780 (m)
A, 742.3 (0) =

Ve 7CCCC + tCCCN + wCH + wNH A, 654.8 (3.7) 630 (m)
A, 655.7 (0) -

vg SCCC + SCNC (ring) A, 595.8 (6.4) =
A, 595.8 (0) =

vy tCCCN + rCCCC A, 554.4 (6.5) 553 (m)
A, 554.0 (0) -

Vs JOCCN (cyano group) Ag 520.8 (3.6) -
A, 520.1 (0) =

Us 0CCC + ONCC (ring) Ag 443.1 (4.5) 472 (m)
A, 443.7 (0.0) -

Vs 7CCCN + rCCCC A, 385.8 (0.8) 396 (m)
A, 385.9 (0) =

vs tCCCC + tCCCN + 6CCN A, 367.0 (11) 358 (m)
A, 364.9 (0) -

v, J0CCN (cyano group) Ag 162.4 (4.0) -
A, 170.9 (0) =

U 7NCCC (bending) Aq 155.7 (7.2) -
A, 162.1 (0) -

Abbreviations: d, p, scissor and pendular in-plane deformational vibrations, respectively; v, stretching vibrations; , 7, wagging and torsional out-of-plane
deformational vibrations, respectively; m, medium,; sh, shoulder; s, strong; w, weak. The most intense modes are in bold.

According to the classification presented in earlier
papers,?”*® the distance between hydrogen and acceptor
(bromine in this case) below 3 A could potentially be con-
sidered as hydrogen bonding. Bonds with hydrogen-
acceptor distances above 2.2 A and donor-hydrogen-
acceptor bond angles far below 180° are considered as
weak hydrogen bonds. The experimentally supported
modeling of cluster III yields the 2.293 A bond length for
H9---Br14, so it should fall in the weak hydrogen bonds
class. However, the rather short distance between hydro-
gen and two more bromide anions (Br34 and Br36) may
be considered as bi- or tri-furcated hydrogen bonds with
H9---Br14 bond being the major component. Thus, the
question of the presence of a hydrogen bond and its role

TABLE 5
interaction bonds in cluster III.

Bond lengths and bond orders for stacking

Bond Bond length, A Bond order
N7-----C17 3.038 0.019
N7-----H24 2.900 0.005

Note: For atom numbers see Figure 2.

in stabilising the structure of this perovskite-like halide
remains open.

According to calculations, the stacking interaction
between rings of neighboring organic cations is relatively
weak (see Table 5). Thus, the role of this interaction in
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the formation of the layered structure of low-dimensional
post-perovskite seems to be insignificant.

The calculation performed is in good agreement with
experiment. Figure 4C shows the linear correlation
between experimental wavenumbers and wavenumbers
calculated for cluster ITI. The correlation coefficient is
R? = 0.9992. For most of the internal vibrations, it is suf-
ficient to consider the model of a free cation. The correct
account of the crystalline environment for hydrogen
atoms (primarily located on nitrogen), requires the con-
struction of sufficiently large clusters. An important
condition for the construction of such clusters is not only
the inclusion of the nearest halogen anions but also of
their environment to provide their correct electronic
configuration.

4 | CONCLUSION

In this work, we have studied the vibrations of the
(3cp)" molecular cation in the (3cp)PbBr; halide post-
perovskite. In order to explain the observed Raman spec-
trum, three cluster models were suggested for DFT
modeling: free cation, minimal stoichiometric cluster
and nanocluster. Low-wavenumber internal vibrations of
the cation can be satisfactorily explained even in the free
cation model. However, for a correct description of the
stretching vibrations with hydrogens, it is essential to
take into account the crystal field. To take this field into
account, it is not enough to introduce only the halogen
anion, since the strong bond between halogen and
hydrogen leads to an excessive decrease in the wave-
number of the N-H stretching vibration. The second and
more correct approximation is the inclusion of the near-
est environment of the halogen anion in the cluster. In
this case, the calculation results coincide with experi-
mental observations. This cluster approach can be used
to calculate vibrations in other halide perovskites and
their analogues. A comparison of the simulation results
with the experiment could be used for finding the actual
position of the hydrogen in the crystal structure, which
cannot be determined by standard X-ray diffraction
methods. The relatively small distance between hydro-
gen and halogen also raises the question of the magni-
tude of the hydrogen bond, the possibility of its bi- and
tri-furcation, and its role in stabilising the crystal struc-
ture of the material.
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