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The many distortions in solid material that are most easily triggered by factors
like pressure are called its structural degrees of freedom. Zeolites, perovskites,
coordination polymers and metal-organic frameworks (MOFs) are all members of
the extensive and significant family of solids known as framework materials. In the
last decade, it has been shown that perovskite-like framework materials have great
potential applicable in solar panel cell production. The Perovskite-like framework,
[(CsH7)aN][Mn(N(CN)2)s] ([TPrA][Mn(dca)s], in short), has recently attracted
scientists, due to its magnetism, ferroelectricity, luminescence, switchable dielectric
behaviour, multiferroic behaviour, non-linear optical properties and also
photovoltaic properties. Exerted pressure causes changes in the structural, optical,
and electronic properties of perovskite and perovskite-like compounds. As a result
of these effects, these compounds present phase transitions at certain pressures. The
[TPrA][Mn(dca)s] compound also exhibits two structural phase transitions at 0.3
GPa and 3.0 GPa pressure. In this study, we calculated some important
thermodynamic parameters, which are the isothermal Griineisen value, isothermal
compressibility, and Bulk modulus, as a function of pressure to analyse phase
transition dynamics by using observed volume and frequency values from the
literature. The Bulk modulus values were determined at 9.86 GPa for the Pcnb -
phase and 36 GPa for the P21/n -phase by using calculated isothermal
compressibility values. Our results confirm that the perovskite-like
[TPrA][Mn(dca)s] compound is a good candidate for solar panel cell production, as

corroborated in the literature.
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INTRODUCTION

Researchers working on solar panel cell
technologies face the challenge of fulfilling the
growing worldwide demand for renewable energy
and implementing sustainable technologies. To
handle this challenge, they are striving to develop new
compounds and to improve the power conversion
efficiency of photovoltaic (PV) systems while also
reducing their operational costs. Within a period of
less than a decade, solar cell power conversion
efficiencies have reached up to 25% by using
perovskite materials as raw materials in the
production of solar cells, exceeding that of thin film or
multi-layer silicon (Min et al., 2021; Jost et al., 2022). In
addition to the usage of perovskite compounds in PV
technologies, scientists and engineers are finding new
materials having perovskite and perovskite-like
structure attractive because of its intriguing features
and potential usage in electrical, optical, and energy
storage systems (Grinberg et al., 2013; Shen et al., 2015;
Wang et al., 2015). Recent studies have shown that
perovskite-like frameworks of
[(CsH7)sN][Mn(N(CN)2)3]
[TPrA][Mn(dca)s]) exhibit properties similar to
perovskites compounds (Maczka et al., 2019). The size

(abbreviated as

and shape of the organic cation, the length and
flexibility of the molecular linker, as well as its
capacity to form hydrogen bonds with the metal linker
framework, all have an impact on the crystal
structures and properties of molecular perovskites
(Huang et al., 2017; Assirey, 2019; Li et al., 2019).
Pressure is one of the main parameters used to
manipulate and control the electronic structure and
behaviour of perovskite solar cells in the production
processes (Oyelade et al., 2020). Molecular crystals,
such as perovskites and perovskite-like frameworks,
undergo structural phase transitions as the pressure
increases, resulting in changes in molecular order.
Hence, comprehending the mechanisms behind the
phase transition of these types of compounds is highly
intriguing, both from the standpoint of crystal
engineering and because of their prospective
applications. The applicability of [TPrA][Mn(dca)s] in
solar panel cell manufacture can be greatly improved

by controlling the structural phase transition that

occurs under different pressure settings during the
production processes (Bermudez-Garcia et al., 2015;
Agyei-Tuffour et al.,, 2016, 2017). The Perovskite-like
framework [TPrA][Mn(dca)s] exhibits two structural
phase transitions depending on applied pressure. The
first transition occurs from tetragonal phase (P-421c) to
orthorhombic phase (Pcnb) at 0.3 GPa, and the second
transition occurs from orthorhombic phase (Pcnb) to
monoclinic phase (P21/n) at 3.0 GPa and ambient
temperature (Bermudez-Garcia et al., 2015, 2017a;
Maczka et al., 2019). Although there are previous
studies related to pressure-induced structural phase
transitions, there is currently a lack of comprehensive
investigations that adequately clarify the micro

dynamics of the phase transition in [TPrA][Mn(dca)s].

In this work, we calculated the Griineisen value
(yr), compressibility («), and Bulk modulus by using
pressure dependent observed internal Raman and IR
modes (vs(C=N), vas(C=N), &(CNC), o(CH2) and
T(dca)+L(dca)+T(Mn)) in [TPrA][Mn(dca)s] for P-421c,
Pcnb and P2i/n phases as a function of pressure. By
using Griineisen and FEinstein approximations for
frequency of soft modes in molecular crystals, we also
calculated the frequency of the interested modes as a
function of pressure and compared the calculated
value and observed value to the Raman and IR mode
frequencies in [TPrA][Mn(dca)3] given by Maczka et
al. (2019).

MATERIAL AND METHODS

Thermodynamics provide a fundamental scientific
framework in engineering and basic sciences,
although its practical implementation across several
fields has given rise to distinct variations
characterized by specific terminology and notation.
One of the most familiar parameters that is used to
define how a crystal lattice’s size or dynamics modify
under pressure or at a certain temperature in
thermodynamics is the Griineisen value (y). This
parameter is a dimensionless thermodynamic
quantity that is named after the German scientist
Eduard Griineisen. Its initial description was
established in relation to the nonlinearities of phonons
(Griineisen, 1912). The Griineisen value can also be
defined as an observable thermodynamic parameter

in a microscopic model that describes the vibrational
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behaviour of atoms within a crystal lattice. Einstein
demonstrated that the quantum harmonic oscillator,
which represents a mode of crystal vibration in his
theory, exhibits a relationship between the frequency
of the mode and volume dependence. This relation is
characterized by Griineisen parameter, which can be
expressed as a straightforward combination of well-
known thermal and mechanical properties (Stacey &
Hodgkinson, 2019). Whether the recalling force acting
on an atom displaced from its primary position is or is
not linearly dependent on the displacement, the
frequency of phonons in the crystal will change in
association with variations in the crystal’s volume.
The phenomenon can be used to establish a
correlation between the Griineisen value and the
frequency shift of Raman modes by the anharmonic
approximation. As mentioned by Stacey &
Hodgkinson (2019) and Kurt's (2022) works, the

average total energy in an atom is defined as:

E=3Y50Em) = [h— (1)

exXP (7

The energy is equivalent to the thermal energy
associated with a singular mode in the oscillation of a
crystal, characterized by natural frequency and
denoted as v. This frequency is dependent on the
volume variation of the crystal, as described in
Einstein’s theory (Einstein, 1907). Eq. (1) derived from
Einstein’s model for crystal structure is fundamental
to Griineisen’s theory. The Isothermal Griineisen
value corresponding to each Raman or IR internal
mode in atomic crystals can be defined as (Stacey &
Hodgkinson, 2019):
yr= -2 @)

where vi is the frequency for i mode in a crystal

and V is the volume at constant temperature. From

here the Griineisen value is derived at constant

temperature y as a function of pressure:

_V@v/opyr
v (0V/OP)T (3)

Yr =

where v is the frequency of Raman or IR internal
mode as a function of pressure and V is the volume of
a molecular crystal as a function of pressure, under
constant temperature T. To calculate the frequency
value as a function of pressure for each mode in a
molecular crystal, Eq. (2) is integrated. Then frequency
is calculated as:

Vr(P)

Ur = Vg exp [—yT In (V—)] + Const. (4)

0

Eq. (4) includes volume that is dependent on
pressure, so an equation for volume as a function of
pressure was then derived. Findings of Maczka et al.
(2019) for [TPrA][Mn(dca)s] showed that volume
exhibit a parabolic variation tendency while pressure
is increasing. Therefore, a second-order polynomial
function for the observed volume data of the
molecular crystal [TPrA][Mn(dca)s] was used in our
calculations, as also used previously by scientist in the
literature (Yurtseven & Kurt, 2011; Yurtseven &
Cebeci, 2015; Yurtseven & Unlii, 2015; Kurt, 2020):

Vr(P) = a, + a,P + a,P? (5)

where the coefficients a,, a; and a, are constants
at ambient temperature. In order to determine these
coefficients, Eq. (5) was fitted to volume data from the
literature (Maczka et al., 2019), as shown in Figure 1
and Table 1 for [TPrA][Mn(dca)s]. The volume data of
this compound showed discontinuity in the vicinity of
0.3 and 3 GPa pressure. These pressure values also
corresponded to the structural phase transition from
P-421c to Pecnb and from Penb to P21/n, respectively.

Table 1. The coefficients of Eq. (5), determined by fitting to the experimental volume data (Maczka et al., 2019) for

P-421c, Penb and P21/n phases in [TPrA][Mn(dca)s].

Phase ag (A —a, (A% GPa) a, (A% GPa?) Vo (A0)3
P-42:c 4621.95 467.43 198.33 4621.95
Penb 4507.31 412.72 57.12 4507.31
P2i/n 4088.01 111.98 1.65 4088.01
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Table 2. The coefficients of Eq. (6), determined by fitting to the experimental frequency data (Maczka et al., 2019) for
vs(C=N), vas(C=N), 8(C-NC), o(CH2) and T(dca)+L(dca)+T(Mn) internal modes for P-42ic, Pcnb and P21/n phases in

[TPrA][Mn(dca)s].

Mode T(dca)+ 0o(CH>) 0(CNO) vas(CN) vs(CN)
L(dca)+
T(Mn)
bo (cm?) 178.37 773.84 846.78 2159.82 2244.96
2 bi(cm?/GPa) 11.08 9.03 10.53 7.65 3.80
&  -b2(ecml/GPa?) 127 0.93 1.13 0.37 0.41
vo (cm?) 178.37 773.84 846.78 2159.82 2244.96
bo (cm?) 198.53 772.46 864.57 2183.73 2251.94
£ bi(ecm?/GPa) 3.65 741 -0.22 -2.44 2.84
é b2 (cm1/GPa?) 0.08 -0.31 0.46 0.70 -0.07
vo (cm?) 198.53 772.46 864.57 2183.73 2251.94
| [TPrAlMn(dea)] | where bo, b1 and b: are constants. In order to
4800y | determine these constants for each Raman mode
aa00 ) : : including vs(C=N), vas(C=N), d(C-NC), o(CHz) and
| T(dca)+L(dca)+T(Mn), the experimental data taken
% 42001 : : + Volume from the literature (Maczka et al., 2019) were fitted to
E I I - _Sﬁfiaﬁ;’nsmon Eq. (6) for each phase in [TPrA][Mn(dca)s], as shown
3 4007 : : in Figure (2) and presented in Table 2. Subsequently,
004 | I the isothermal Griineisen values from 0 to 6 GPa for
. : : the interested Raman and IR Modes in
36004 | Fen® I EN‘ [TPrA][Mn(dca)s] were determined with Eq. (4)

0 1 2 3 4 5 6
Pressure (GPa)
Figure 1. Calculated and observed (Maczka et al,
2019) volume data for P-42ic, Pcnb and P21/n phases in
[TPrA][Mn(dca)s].

Eq. (3) also contains a frequency function that is
dependent of pressure. In addition, the observed
Raman modes data of vs(C=N), vas(C=N), d(CNC),
o(CH->) and T(dca)+L(dca)+T(Mn) for
[TPrA][Mn(dca)s] showed a parabolic change with
pressure. The frequency of the Raman and IR internal
modes in [TPrA][Mn(dca)s] was defined as a second-
order polynomial depending on pressure, like the
volume function (Eq. 5). To obtain frequency as a
function of pressure, the experimental data was

iterated to the following equation:

vy (P) = b, + b, P + b, P? (6)

through the calculated volume and frequency with the
coefficients (presented in Tables 1 and 2) derived from
the experimental data, which varied as a function of

pressure, as shown in Figure 3.

Compressibility and bulk modulus are also very
important thermodynamic parameters needed to
understand the thermoelastic and thermodynamic
properties and behaviour of solids under high
pressure and temperature, like the Griineisen
parameter. Compressibility (defined as “isothermal
compressibility” at constant temperature) refers to the
extent to which a fluid or solid changes its volume in
response to a change in pressure or mean stress in
thermodynamics. The Isothermal Compressibility
relation is very well known in thermodynamics and is

expressed as follows:

a=-()O), 2
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where V is volume and P is pressure at constant
temperature. Defining compressibility with a negative
sign ensures that compressibility is positive when an
increase in pressure leads to a decrease in volume. The
isothermal compressibility can be related to the
internal mode of molecular crystals by deriving from

Eq. (3) and (7) as in the following equation:
r =212 ®)

By using Eq. (8), the isothermal compressibility for
[TPrA][Mn(dca)s] from 0 GPa to 6 GPa at constant
temperature can be calculated, as shown in Figure 4.
The bulk modulus refers to the proportion of the rise
in pressure related to the subsequent decrease in
volume of a material and describes the degree of
resistance of a substance to compression. Moreover,
the bulk modulus is known as a measure of elastic
characteristics due to its ability to return a compressed
material to its initial volume under zero pressure. The
relationship between compressibility and bulk
modulus can be expressed as:

B=- 9)

The bulk modulus of [TPrA][Mn(dca)s] for Pend
and P2i/n phases was calculated for pressures
between 0 to 6 GPa by utilizing the calculated values
of isothermal compressibility, as shown in Figure 5.
The intercept and slope of the bulk modulus for both
phases is also presented in Table 3.

Table 3. Intercept (Ko) and slope (K ), determined by
fitting calculated Bulk modulus for P-42ic, Pcnb and
P21/n phases in [TPrA][Mn(dca)s].

Phase K, (GPa) K

Pressure Interval

(GPa)
Pcnb 9.89 4.95 0.3<P<2.5
P2i/n 36.07 0.26 3.0<P<6
RESULTS AND DISCUSSION

Pressure is an important parameter that can be
employed to manipulate the electrical configuration
and characteristics of organic-inorganic perovskite

solar cells in production process es (Xiao et al., 2017).

Exerting pressure on perovskite results in the
compression of molecules. This leads to a higher
degree of packing and a decrease in the distances
between atoms, ultimately altering the electronic
orbitals and bonding configurations. Therefore,
applying pressure on perovskites in the production
processes can cause alterations in the structural,
optical, magnetic, and electrical characteristics of both
organic and inorganic perovskite compounds (Huang
et al, 2017). Applying pressure can enhance the
interlayer contact inside solar cell designs (Tan &
Cheetham, 2011; Xiao et al., 2014). By acquiring insight
into the impact of pressure on the layers of organic-
inorganic perovskite compounds, material properties
can be adjusted by relating to compression. Studies
related to characteristics of organic-inorganic
perovskite under high pressure serve as a guiding
framework for the subsequent design, synthesis, and
application of materials with the structure and/or

features of these perovskites (Oyelade et al., 2020).

For the current study, first the frequency of the
Raman and IR modes in a perovskite like framework
[TPrA][Mn(dca)s] was calculated depending on
pressure for P-42ic, Pcnb and P2i/n phases by using
the corresponding Eq. 4. Griineisen values for vs(C=N)
(2244.4 cm"), vas(C=N) (2158.1 cm?), d(CNC) (844.7 c
1), o(CH2) (774.1 cm?) and T(dca)+L(dca)+T(Mn) (174.1

cm 1) were used, and modes are shown in Figure 2.

The calculated frequency values for the interested
internal modes tended to increase with increasing
pressure, as expected for all structural phases. Also,
these calculations are compatible with the
experimental measurements by Maczka et al. (2019).
Although there were not any significant jumps in the
frequency measurements at 0.3 and 3.0 GPa for
interested modes in [TPrA][Mn(dca)3], XRD, volume
and dielectric measurements with pressure, other
studies have shown a soft structural phase transition
from P-421C to Pcnb at 0.3 GPa, and a distinct
structural phase transition from Pcnb to P21/n at
approximately 3.0 GPa (Bermudez-Garcia et al., 2015,
2017a, 2017b, 2018; Maczka et al., 2019). Results of the
current study show that pressure significantly
influences the lattice structure and electronic
configuration of perovskite-like framework, as well as

the ordering of molecular orientation in
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[TPrA][Mn(dca)3]. In addition, the rise in Raman
frequencies of the interested modes is likely directly
correlated with the applied pressure. Although the
phase transition at 0.3 and 3 GPa could not be clearly
seen from Raman frequency measurements,
Griineisen values calculated with Eq. (3) show that
there were obvious phase transitions at these pressure
values, as in the literature, and as also shown in Figure
3.

10 L[ TPTAlMn(dca);] (@)
| |
800 ! !
: : D(CH) 774.1 i’
790 ) |
1 |
—~ 7804 1 |
= o |
S 77094 " ! ! P2,/n
t | |
3 ! Pcnb !
£ 2201P-42,. |
3 , \ 174.1 em”
8 210 ' \ (dca)+L(dca)+T(dca)
g 1 1
200 ' !
| |
190 | :
I = Wavenumber
1804 1 [ Calculated
=" ! — — -Phase transition
170 T * T T t T T 1
0 1 2 3 4 5 6
P (GPa)
-0 _[TF'rA][.Mn(dca)s] (b)
| | .’_,_.I——'—‘-—_’—'—__'__.
2260 | | vo(CN) 2244.4 cm”
2250 ')—‘__rn/
. n |
= | 1
2190 4 I | //‘
_:‘E- 2180 ] | | v,o(CN) 2158.1 cm”
< 21704 : :
E |
2160
£ =" I P2/n
3
S 4 . '
% 880 - Pcnb |
P-42
2 g0 “ | S(CNC) 844.7 cm”
860 - L./—('/ | = Wavenumber
850 | Calculated N
" i | — — Phase Transition
840 T T T T T T 1
0 1 2 3 4 5 6
P (GPa)

Figure 2. Calculated and observed (Maczka et al.,
2019) frequency data of vs(C=N), vas(C=N), d(C-NC),
0(CH2) and T(dca)+L(dca)+T(Mn) for P-421c, Pcnb and
P21/n phases in [TPrA][Mn(dca)3].

As explained in detail above, the Griineisen value
is usually used to connect microscopic structure to
macroscopic measurements, so the calculated
Griineisen values as a function of pressure really
demonstrate these phase transitions for all internal
modes (Figure 3). For vs(C=N) (2244.4 cm™), vas(C=N)
(2158.1 cm?), O(CNC) (844.7 cm™) and o(CHy) (774.1
cm?) internal modes in [TPrA][Mn(dca)s], the

calculated Griineisen value almost exhibited a similar

tendency with increasing pressure; however, the
T(dca)+L(dca)+T(Mn) (174.1 cm™?) IR mode had a very
distinct trend. The cause of this behaviour for
T(dca)+L(dca)+T(Mn) IR mode might be interference
of the three bonds and energy exchange between these

three modes.

0.8 1[TPrAj[Mn(dca),] (a)
| I
| | o
P-42,.| Pcnb I P2/n o —
| | - 1741 cm’
I | o Tldca)+L(dca)+T\(dca)
l'/)”
c | . |
o) ]
.% | / |
€971 I / |
O " | .;" |
Nl / I
\l\_\\ /,.‘ |
o, / I
T I
| |
0‘6 T t T T t T T 1
0 1 2 3 4 5 6
P (GPa)
0.3+ [TPrP]][Mn(dca)g] (tf)
P-42,| Pcnb I P2,/n
l I ‘._\ ‘
Te774.1cm
| I Pl .
I I - p
0,2 —
- [ [ oy
7 ]
3 [ A -
© 7 »
= I ,_1:35 g | 8447 e’
3| S | A*B(ENC)
Q -
¥
0,1 | | .
1
| / | 2\]53.1 o
| v | e
ST | A
et Hke— o .
T | 2244.4 cm I
T v,(CN)
0‘0 T I T T ! T T 1
0 1 2 3 4 5 6

P (GPa)

Figure 3. Calculated Isothermal Griineisen values of
vs(C=N),  vas(C=N), d(CNC), o(CHz) and
T(dca)+L(dca)*T(Mn) for P-42ic, Penb and P2i/n
phases in [TPrA][Mn(dca)s].

The compressibility of a material defines the rate at
which its volume alters in reaction to a change in
pressure and is also crucial in the manufacturing of
perovskite type solar panel cells, as it is for all solid
materials. Perovskite materials with a high
compressibility value are preferred in PV production
processes because they easily modify the crystal
structure with pressure (Kurt, 2022). In this study, the
pressure-dependent compressibility for a perovskite-
like framework of [TPrA][Mn(dca)s] was also
calculated by using Eq. 8 to determine how convenient

it would be for the solar panel cell production. As seen
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in Figure 4, the compressibility decreased up to 3 GPa
but was almost constant after this pressure. However,
no jump or discontinuity was seen at 0.3 GPa. This
behaviour of isothermal compressibility shows that
[TPrA][Mn(dca)s] was in ordered phase up to ~3 GPa,
after which a cell distortion to monoclinic symmetry

occurred.

9_.
[ ]

= Compressibility

. — = Phase Transition

K x 102 (GPa™)
[2]

I
I
SN
I
I
I
|
|
|
I
| =
I
p-a2 r.; Pcnb

15 T T
0 1 2

|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
3

P (GPa)

Figure 4. Calculated the isothermal compressibility
by using Eq. (8) for P-42ic, Pcnb and P21/n phases in
[TPrA][Mn(dca)3].

Lastly, the isothermal bulk modulus was
calculated depending on pressure through calculated
isothermal compressibility for P-42ic, Penb and P21/n
phases (Figure 5.), also reported in Table 3. Maczka et
al. (2019) determined the isothermal bulk modulus by
fitting a 2nd order Birch-Murnaghan equation of state
(EoS) to the volume—pressure dependence for Pcnb
phase in their previous work. Their calculated value
for this phase was 8.1 GPa and was almost the same as
the calculated value (9.8 GPa) in the current study
using Eq. 9 (Table 3). The isothermal bulk modulus
was also determined with Eq. 9 for P-42ic phase in
[TPrA][Mn(dca)s] and calculated as 36.0 GPa.
Although this calculated value is a bit lower than 95
GPa for silicone, which is usually used in solar panel
cell production, it is considerably larger than other
perovskite materials that are candidates for solar
panel cells. Results confirm that the perovskite-like
framework of [TPrA][Mn(dca)s] is a good material for
new solar panel technology in the future.

P2,/n

Bulk Modulus (GPa)

= |sothermal Bulk Modulus
Linear Fit
— —Phase Transition

T T
4 5

TV o = = = == == = = = = = = = = ==
»d

o
(o)

a)

Figure 5. The isothermal Bulk modulus as a function
of pressure, calculated by using Eq. (9) using the
values of the isothermal compressibility (k) for P-
42ic, Penb and P2i/n phases in [TPrA][Mn(dca)s]. A
linear regression with coefficients (Ko) and (Kj) is

shown by a straight line, as presented in Table 3.

CONCLUSION

For this study, we calculated Griineisen values and
isothermal compressibility as a function of pressure
for vs(C=N) (22444 cm), vas(C=N) (2158.1 cm?),
O(CNC) (844.7 cm?) and o(CH2) (774.1 cm!) Raman
modes in a perovskite-like framework of
[TPrA][Mn(dca)s]. We used the observed volume and
Raman and IR mode frequency data close to the area
where phase transitions occurred (P=0.3 and 3.0 GPa).
In addition, we ascertained the Bulk modulus by
using calculated isothermal compressibility for this
perovskite. The calculated isothermal compressibility
and Bulk modulus confirmed potential applications of
the perovskite-like framework of [TPrA][Mn(dca)3] in
high performance perovskite solar cells, light-emitting
diodes, and photonic devices, making it a good
candidate material for new solar panel technologies in
the future. Our results also suggest that the calculated
thermodynamic parameters are similar to those found
in other studies, and our method of calculating these
parameters can be used for additional perovskite-like

frameworks with ferroelectric characteristics.
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