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The p(NH;) infrared (IR) frequencies and the corresponding full width at half maximum (FWHM) values for
(CH3)2NH2FemMH(HCOO)6 (DMFeM, M =Ni, Zn, Cu, Fe, and Mg) are analyzed at various temperatures by using the
experimental data from the literature. For the analysis of the IR frequencies of the p(NH;) mode which is associated with
the structural phase transitions in those metal structures, the temperature dependence of the mode frequency is assumed as
an order parameter and the IR frequencies are calculated by using the molecular field theory. Also, the temperature depen-
dence of the IR frequencies and of the damping constant as calculated from the models of pseudospin (dynamic disorder of
dimethylammonium (DMA™) cations)—phonon coupling (PS) and of the energy fluctuation (EF), is fitted to the observed
data for the wavenumber and FWHM of the p(NH;) IR mode of the niccolites studied here. We find that the observed
behavior of the IR frequencies and the FWHM of this mode can be described adequately by the models studied for the
crystalline structures of interest. This method of calculating the frequencies (IR and Raman) and FWHM of modes which
are responsible for the phase transitions can also be applied to some other metal organic frameworks.

Keywords: infrared (IR) frequency, full width at half maximum (FWHM), phase transitions, p(NH,) mode,

niccolites
PACS: 64.10.+h, 64.60.-1, 64.70.—p

1. Introduction

A large number of studies have been devoted to the
metal-organic frameworks (MOFs) since they have many ap-
plications as catalysts, chemical tensors, and luminescent
materials.!'! Organic-based MOFs have attracted a lot of
attention in recent years mainly due to their multiferroic
properties. [+-11]

Among the MOFs, novel niccolites with the formula
(CH;3)oNH,Fe"M"(HCOO)s (MY =Ni, Zn, Cu, Fe, and
Mg), shortly, DMFeNi, DMFeZn, DMFeCu,!!?l DMFeFe, and
DMFeMg, 13! have been studied to investigate their structures,
thermal, magnetic, and vibrational (Raman and infrared (IR))
DMFeNi and DMFeZn crystallize in the trigo-

nal structure (space group P31c¢) while DMFeCu crystallizes

properties.

in the monoclinic structure (space group C2/c).!">! DMFeFe
crystallizes in the niccolite type structure (space group P31c)
with the disordered dimethylammonium (DMA™) cations in
the cages of the network!'! and it undergoes antiferroelec-
tric phase (space group R3c) at 155 K,[!31 as also pointed out
previously.!'3] DMFeFe shows a sharp heat anomaly at 155.2
K upon warming and 151.8 K upon cooling, characteristic for
a first order phase transition, whereas DMFeMg does not un-
dergo any phase transition down to 125 K.!3]

Regarding vibrational properties of these niccolite com-
pounds, the observed Raman and IR bands have been assigned
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© 2019 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/28/6/066401

to internal vibrations and librations of the DMA™ and formate
ions as well as translational motions of these ions and metal
cations for DMFeNi, DMFeZn, DMFeCu,!') DMFeFe, and
DMFeMg.[131 In the case of DMA™, the internal modes can
be stretching V(NH,), scissoring 8(NH;), rocking p(NH3),
wagging @(NH;), and torsion or twisting 7(NH,) modes of
the NH, group with the internal modes of the CNC and CH3
groups. [1?]

In this study, we analyze the IR frequencies of the internal
P(NH;) mode by using the observed data for the compounds
of DMFeNi, DMFeZn, and DMFeCu!'?! and, DMFeFe and
DMFeMg!!3l below and above the critical temperature T, for
their phase transitions. Among these niccolites, DMFeFe ex-
hibits structural phase transition. The temperature dependence
of the IR frequency associated with the order parameter is
calculated by the molecular field theory. Also, the damping
constant (linewidth) of this mode is calculated through the
pseudospin—phonon coupling (PS) and the energy fluctuation
(EF) models for these niccolite compounds by using the ob-
served full width at half maximum (FWHM) data.[1213]

Below, in Section 2, we give our calculations and results.
Discussion of our results is given in Section 3. We give our

conclusions in Section 4.
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2. Calculations and results

The temperature dependence of the order parameter and
the damping constant can be derived from the pseudospin—
phonon interaction energy. An Ising pseudospin—phonon cou-
pled model has been developed by Yamada et al.!'®! by con-
sidering interaction between pseudospin and one phonon in

molecular crystals. This model of Yamada et al. has been mod-

1
H=3)Y (Prspics + O Thoshs) —

ZJZ]GIGJ ZZ \/—gkaIkv

ified in terms of the interactions between pseudospin and more

than one phonon by Matsushita.!!”]

He derived expressions
for the frequency and the damping constant of phonons from
his Hamiltonian and predicted mainly the temperature depen-
dence of the optic phonons in ammonium halides (NH4Br
and NH4CI).['") According to the model of Yamada et al.,!'%
Hamiltonian for the Ising pseudospin—phonon interaction is

given by

1k~7‘," (1)

ks i

In Eq. (1), gx; is the phonon coordinate for the s mode (k is the wave vector), @, is the characteristic frequency, and pg; is the
momentum of the phonon. The first term in Eq. (1) defines phonon energy. In the second term of Eq. (1), o is the spin variable
with the nearest neighbor interaction parameter (J;;) in an Ising model. The third term defines the interaction between pseudospin
(0;) and phonon (ggs) with the interaction parameter ggs. This Hamiltonian defines the interaction between pseudospin and
one phonon only. As stated above, the Hamiltonian of Yamada et al. (Eq. (1)) has been extended by Matsushita, considering
the interaction between pseudospin and phonons, and from his Hamiltonian, he derived the expressions for the frequency and

damping constant of phonons.!!”! According to his derivations, the phonon frequency is given by

w’ =

In Eq. (2), the first term defines anharmonic phonon energy.
In the second term, (o(g =0)) is the order parameter and
the parameter K; is the coupling of the two phonons (kv
and kv/ ) with the wavevector g = 0, whereas the parame-
ter K5 is the coupling of the two phonons (kv and kVv’) and

()

represents the spin—spin correlation function. Equation (2)

two pseudospins with the wave vectors q and —gq.

gives that the phonon frequency is essentially the real part
of the pseudospin—phonon (sp) interaction energy. Similarly,
from the derivation of the damping constant of phonons by
Matsushital!”! in terms of the dynamic scattering function,
the damping constant is defined as the imaginary part of the
pseudospin—phonon interaction energy which is given by

Im) (kv,0)

sp

=20l;,(kv,0). 3)

Regarding the metal-organic frameworks (MOFs) as stud-
ied here, the Ising pseudospin (Eq. (1)) corresponds to the
DMA™ cations due to their re-orientational motions at low
temperatures (below T¢). The ordering of DMA™ cations is as-
sociated with the distortion of the metal-organic frameworks.
Spectroscopically, changes in frequencies and bandwidth are
observed for phonon which involve motions so that one can
assume the pseudospin—phonon coupling with a positive or
negative coupling constant as also indicated previously.'3 In
Eq. (1), the second term describes the interaction between
nearest-neighbor DMA™ cations as pseudospins, and the third
term is due to the interaction between DMA™ cation and the
distorted metal organic framework as the pseudospin—phonon
coupling in the Ising pseudospin—phonon coupled model of

% (kv, o) +Ki(k,q=0,vv'){(0(g =0))) + }_Kz(k,q,—q.vV')(|lo ()

)+Re) (kv, ). )
sp

Yamada et al. In the case of Matsushita’s model which
considers more than one pseudospin and phonon, frequency
and the damping constant (bandwidth) can be described by
Egs. (2) and (3), respectively, for the metal-organic frame-
works (MOFs).

coupling between two phonons and the DMA™ cation (pseu-

The second term in Eq. (2) describes the

dospin), with the coupling constant K, the third term is due
to the coupling between two phonons and two DMA™ cations
(pseudospins) with the real part of the DMA™ cation—phonon
interaction energy. As stated above, the imaginary part of the
pseudospin—phonon interaction energy describes the damping
constant (bandwidth) of those phonons interacting with the
DMAT cations, which are involved in the mechanism of the
phase transitions in MOFs.

Since the critical behavior of the damping constant I5,
is governed by the dynamic scattering function in the Mat-
sushita’s expression,!!”! which can be integrated over all g in
the Brillouin zone, temperature dependence of the damping
constant is obtained near T as

_ @ Te
L,=I+A(l S)ln(T_TC(l_SZ)), @)

where S is the order parameter as given in an earlier study.!'8]

Damping constant is also obtained using another approach!!’!
for the pseudospin—phonon interaction as

T(1-s%) 12
L,=TI+A [ ] .
14 0 )

T—T,(1-S2 ®)

In Eqgs. (4) and (5), I (I)) is the background damping con-
stant (linewidth) and A (A’) represents the amplitude. The
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expressions for the temperature dependence of the damping
constant I5,, namely, from the pseudospin—phonon coupling
model (Eq. (4)) and the energy-fluctuation model (Eq. (5)),
have been obtained and applied to potassium dihydrogen phos-
phat (KDP) type crystals previously.?"]

Matsushital!”! also derived an expression by using the
molecular field theory®!! for the temperature dependence of
the order parameter (c(qo)) which we denote by S as given

by

S=pB0-1/1)'",
=1—2exp(—2T;/T),
=0,

0<(T.—T)<T, (6a)
T < T, (6b)
T>T.. (6¢)

We have given these expressions of the phonon frequency and
damping constant (Egs. (4) and (5)) and the order parameter
(Egs. (6a)—(6¢)) to some extended from the Madsushita’s the-
ory as applied to the A phase transitions in ammonium halides
in our previous study.>?!

This behavior of the order parameter can be associated
with the temperature dependence of the frequencies for var-
ious Raman and IR modes in metal organic frameworks, in
particular for DMFeM (M =Ni, Zn, Cu, Fe, and Mg) struc-
tures. Thus, by assuming the Raman and/or IR frequency of
modes associated with the mechanism of the order—disorder
transitions in those heterometallic MOFs as an order param-
eter S, Raman and IR frequencies can be calculated from the
molecular field theory (Egs. (6a)—(6c)). By considering the

temperature dependence of the frequency v (Raman or IR) as

v/vmax :a(,+a1T+a2T2, @)

where ag, a1, and a; are constants and V,,x denotes the max-
imum value of the frequency, frequency can be related to the

order parameter S according to the quadratic relation
S=a+b(V/Vimax) + ¢ (V/Vinax ) (8)

with the constants a, b, and c.

The damping constant (linewidth) of those Raman and IR
modes associated with the freezing-in of molecular motions of
DMA™ cations can also be calculated at various temperatures
for heterometallic compounds studied by using their frequen-
cies (Raman or IR) as an order parameter. For this calculation,
the two models are chosen, namely, the pseudospin—phonon
coupling model!'8! and the energy fluctuation model,'” both
depending on the order parameter according to Egs. (4) and
(5), respectively, as given above.

For heterometallic crystals due to the freezing-in of mo-
tions of the DMA™ cations with the critical temperature T, be-
low which reorientational motions of DMA™ are frozen, those
two models (PS and EF) are employed to calculate the temper-
ature dependence of the damping constant (linewidth) in these
structures.

In this study, we have calculated the IR frequencies of the
p(NH;) mode by analyzing the observed datal'?! (Eq. (7)),
and the order parameter (Eqgs. (6a)—(6c)) by means of Eq. (8)
for DMFeM (M =Ni, Zn, Cu, Fe, and Mg). Table 1 gives
the values of the parameters aop(= 1), aj, and a, determined
(Eq. (7)) for the p(NH;) mode of those niccolite structures.
Above T, we give values of those parameters (ag, ai, and ay)
according to Eq. (7) in Table 2.

Table 1. Values of the coefficients ag = 1, ay, az (Eq. (7)), a, b, and ¢ (Eq. (8)) below T (T < T¢) within the temperature intervals for
the niccolite compounds indicated. Values of the critical temperature 7; and the maximum frequency Umax of the p(NHz) IR mode

are also given.

MOFs T/K  Vimax  —a; x1079/K71 ay x 1078 /K2 —a b —c Temperature interval/K
DMFeNi 160 867.4 3.85 —17.9 3185.18 637542  3189.24 4<T <160
DMFeZn 220  869.4 7.85 3.37 1960.99  3934.09  1972.11 4<T <220
DMFeCu 100  909.8 4.62 —-0.37 4517.49  9036.44 451795 4<T <100
DMFeMg 151.8 864.4 3.83 1.45 14963.9  29956.72  14991.82 4.6 <T < 140.8
DMFeFe 151.8 858.3 2.61 2.89 62583.93 125111.12 6252621 40.1 < T < 140.4

Table 2. Values of the coefficients ag, aj, ay (Eq. 7) above T (T > T;) within the temperature intervals for the niccolite compounds
indicated. Values of the critical temperature (7;) and the maximum frequency (Vmax) of the p(NH;) IR mode are also given.

MOFs T./K Vinax ag —a; x 1073 /K1 a x 1078 /K2 Temperature interval/K
DMFeNi 160 867.4 0.992 0.33 —8.61 160 < T < 300
DMFeZn 220 869.4 0.998 6.46 3.35 160 < T < 300
DMFeCu 100 909.8 0.998 3.62 —2.33 100 < T < 300
DMFeMg 151.8 864.4 1.007 10.70 14.96 152 < T < 300
DMFeFe 151.8 858.3 1.011 8.96 10.43 152 < T < 300

By calculating the order parameter S (Eqgs. (6a) and (6b)) below 7. and fitting S to the observed frequencies (v data)!

12,13]

according to Eq. (8) with the parameters a, b, and c¢ (as listed in Table 1), we are able to obtain the IR frequencies of the
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p(NH) mode (T < T;) for DMFeM (M =Ni, Zn, Cu, Fe, and Mg). We plot variation of the wavenumber of the p(NH;) mode
with temperature for DMFeNi and DMFeZn (Fig. 1), DMFeCu (Fig. 2), and frequency of the p(NH;) mode as a function of
temperature for DMFeFe and DMFeMg (Fig. 3). In these figures, observed data for DMFeM (M =Ni, Zn, and Cu)!'? and for
DMFeM (M =Fe, Mg)!"3! are also given. Solid lines represent our fits below T, (Eqs. (7) and (8)) and above T, (Eq. (7)). We
then calculate the damping constant as a function of temperature according to Egs. (4) and (5), which are fitted to the observed
FWHM data!'>!3! for the p(NH,) IR mode with the values of Ij (I;/) and A (A’) as determined (as listed in Table 3).

Table 3. Values of the background damping constant (linewidth) I (Q’) and the amplitude A (A’) according to the pseudospin—
phonon (PS) model (Eq. 4) and the energy-fluctuation (EF) model (Eq. 5) within the temperature intervals for the niccolite compounds

indicated. The T values are also given here.

MOFs T./K PS model EF model Temperature interval/K
Iy/em™! A/em™! Iy Jem™! —A"/em™!

DMFeNi 160 30.56 —6.91 23.46 0.54 4<T <160

DMFeZn 220 25.70 —4.50 20.82 0.29 4<T <220

DMFeCu 100 6.08 9.61 - - -

DMFeMg 151.8 8.54 1.74 10.36 0.13 46<T <1408

DMFeFe 151.8 5.06 1.05 6.05 0.09 40.8 < T < 100.9
—144 11.71 —5.10 1.19 120.6 < T < 140.4

Note that we use Eq. (6a) in Egs. (4) and (5) for the DM-
FeNi and DMFeZn, and the results are shown in Figs. 4 and
5, respectively. For the calculation of the damping constant
of DMFeCu, we use Eq. (6b) in Eq. (4), the calculated results
are shown in Fig. 6. We do not gain any good fit by using
Egs. (6a) or (6b) in Eq. (5) for DMFeCu, so we exclude the
damping constant predicted from the energy fluctuation model
for DMFeCu. Finally, we calculate the damping constant of
the p(NH;) IR mode for DMFeFe and DMFeMg according to
the PS (Eq. (4)) and EF (Eq. (5)) models. By using Eq. (6a) in
Egs. (4) and (5), which are fitted to the experimental FWHM
data,!'3] damping constant (I3p) is obtained as a function of
temperature, as plotted in Fig. 7 (PS model) and Fig. 8 (EF
model).

3. Discussion

The IR frequencies of the p(NH;) internal mode are cal-
culated at various temperatures for niccolate compounds of
DMFeM (M =Ni, Zn, Cu, Fe, and Mg) as plotted in Figs. 1-
3, from the molecular field theory (Egs. (6a)—(6c¢)) by fitting
the order parameter S (frequency) to the observed datal!?!3]
through Eq. (8) below T;. with the fitted parameters (Table 1).
This fit is performed by Eq. (7) since we assume that the order
parameter is zero (S = 0) above T. with the fitted parameters
(Table 2) in those niccolate structures.

Our fits are reasonable in both regions (below and above
T;) for those crystals which indicates, in particular below T,
that the IR frequency of the p(NH, ) internal mode can be asso-
ciated with the order parameter S according to the molecular
field theory (Eqgs. (6a)—(6c)). The temperature below which
DMA™ cations do not exhibit jumps between equivalent sites

is more apparent for DMFeNi (7. ~ 160 K) as compared to
DMFeZn (T, ~ 220 K), and DMFeCu (T; ~ 100 K). It has
been pointed out that DMFeCu exhibits short range order-
ing of DMA™ cations at low temperatures, whereas DMFeNi
and DMFeZn show evolution of dynamic disorder into static
disorder.!!? This ordering due to freezing-in of molecular mo-
tions of DMA™ cations as stated above, can be associated with
temperature dependence of the wavenumber for the p(NH;)
internal mode. Due to the internal vibrations of the DMA™
and formate ions in those heterometalic compounds (DMFeNi,
DMFeZn, and DMFeCu), the p(NH;) mode among the six
internal modes has been observed in all trigonal compounds
(DMFeNi and DMFeZn) at room temperature, whereas for
the monoclinic DMFeCau, it has appeared at low temperatures
with higher wavenumbers.[!? Existence of this mode at higher
frequencies in DMFeCu (Fig. 2) indicates that the hydrogen
bonds are stronger in the monoclinic structures as compared

to the trigonal niccolites (Fig. 1), as stated previously.[!?]

870 | p(NH,)

DMFeZn
865 1

DMFeNi 4

Wavenumber/cm™!

0 50 100 150 200 250 300
Temperature/K
Fig. 1. IR wavenumber of the p(NH2) mode as a function of temperature

for DMFeNi and DMFeZn. Solid lines represent Egs. (6(a))—(6(c)) fitted
through Eq. (8) to the observed data.[!?]
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910
B p(NH,)
|
g 905 1
o
o~
5 DMFeCu
2
2 900
2
5]
g 895
=
890 T T T —
0 50 100 150 200 250
Temperature/K

Fig. 2. IR wavenumber of the p(NH,) mode as a function of temperature
for DMFeCu. Solid lines represent Eqgs. (6(a))—(6(c)) fitted through Eq. (8)
to the observed data.[!?)

866 o T T T
4 i p(NH,)

864 ] ! ¥ 1858
| \ i
8 8624 :
= : | DMFeFe
9 | '
g 8601 5 ; - 856
& : :
2 858 ' '
F : : :

856 ! i DMFeMg - 854

854 — ; ‘ ; ; 2

0 50 100 150 200 250 300
Temperature/K

Fig. 3. IR frequency of the p(NH;) mode as a function of temperature
for DMFeFe and DMFeMg. Solid lines represent Eqs. (6(a))—(6(c)) fitted
through Eq. (8) to the observed data.!'3] The vertical lines indicate the tem-
perature where DMFeFe undergoes the structural phase transition. 3]

2214

PS model P(NHZ)

214

20
DMFeNi

191

FWHM/cm™!

18 1 DMFeZn

17 ~

16 T . :
0 50 100 150 200

Temperature/K

Fig. 4. FWHM of the p(NH;) IR mode as a function of temperature for
DMFeNi and DMFeZn below T;.. Solid lines represent Eq. (4) fitted to ex-
perimental datal'?! according to the pseudospin—phonon coupling model.
The temperature dependence of the damping constant
(linewidth) of the p(NH,) internal mode is calculated for those
compounds by using the pseudospin—phonon coupling and en-
ergy fluctuation models, as plotted in Figs. 4-8. This cal-
culation is performed below T with the order parameter S
in both models, as stated above. The temperature depen-
dence of the damping constant of the p(NH,) internal mode
as predicted from Eqs. (4) (PS model) and (5) (EF model),
which are fitted to the observed FWHM, 12! decreases for the

trigonal structures (DMFeNi and DMFeZn) (Figs. 4 and 5)

whereas it increases for the monoclinic structure (DMFeCu)
(Fig. 6) as the temperature increases towards 7, as also ob-
served experimentally.['?] This indicates that with the intense
IR band (shorter FWHM) of the internal p(NH;) mode at low
temperatures (well below T;) for DMFeCu, the monoclinic
structures have stronger hydrogen bonds as compared to those
of the trigonal structures (DMFeNi and DMFeZn). Above T¢,
observed FWHM of the p(NH;) mode tends to increase for
DMFeNi and DMFeZn as occurs for the compound DMFeCu

with increasing temperature. 1!

22 A EF model
p(NH,)
21
B DMFeNi
I
£ 20
3
s
£ 197
=
o 18
17 4
16 T T T T T T T T T
0 40 80 120 160 200
Temperature/K

Fig. 5. FWHM of the p(NH;) mode as a function of temperature for DM-
FeNi and DMFeZn below ;.. Solid lines represent Eq. (5) fitted to experi-
mental datal'?! according to the energy fluctuation model.

9 PS model p(NH,)
7
g 81
¥
~
=
jant
2 DMFeCu
m 7

6 L]

0 50 100

Temperature/K

Fig. 6. FWHM of the p(NH;) mode as a function of temperature for DM-
FeCu. Solid lines represent Eq. (4) fitted to experimental datal'?! according
to the pseudospin—phonon coupling model.

The abrupt changes in the frequency (Fig. 3) and in par-
ticular, in the FWHM (Figs. 7 and 8) of the p(NH;) IR
mode show the structural phase transition (7. = 151.8 K) in
DMFeFe.['3! This order—disorder phase transition in DMFeFe
is due to the freezing-in of reorientational motions of DMA™
cations which do not lead to any structural phase transition
in DMFeMg although at room temperature they show very
similar spectra.['3] Tt has been pointed out that narrowing of
bands is much more pronounced for DMFeFe than DMFeMg
(Figs. 7 and 8) due to ordering of the DMA™ cations in DM-
FeFe at low temperatures and disorder of those cations in DM-
FeMg down to 4 K.['31 Also, discontinuous changes in fre-
quency or changes in the slope of frequency as a function of
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temperature characterize the first-order transition in DMFeFe
(Fig. 3).I'3 On the other hand, the IR frequencies (Fig. 3)
and the FWHM (Figs. 7 and 8) of the p(NH,) mode in DM-
FeMg do not change abruptly. This indicates that the DMA™
cations are disordered at low temperatures in DMFeMg, as
also pointed out previously.!'3] Not only DMFeMg, but also
DMFeMn and DMFeCo compounds do not exhibit structural
phase transition.?*! This is the main difference between nicco-
lites and DMM (M =Mg, Zn, Mn, Co, Fe, and Ni) perovskites
which all exhibit order—disorder phase transitions.**2°! Due
to the p(NH;) IR mode frequencies, a significantly weaker H-
bond strength occurs in the niccolate type framework when
compared to the perovskite type framework.[!3 In the case of
DMFeFe niccolite, the p(NH,) IR mode shifts to a lower fre-
quency at T¢, indicating a slight decrease of the hydrogen’s
bond strength at 7;.[13!
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Fig. 7. FWHM of the p(NH2) mode as a function of temperature for DM-
FeFe and DMFeMg. Solid lines represent Eq. (4) fitted to experimental
data!3! according to the pseudospin—phonon coupling model. Tp=151.8 K
is the temperature of the structural phase transition in DMFeFe.
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Fig. 8. FWHM of the p(NH;) mode as a function of temperature for DM-
FeFe and DMFeMg. Solid lines represent Eq. (8) fitted to experimental
data!'3! according to the energy fluctuation model. 7, = 151.8 K is the tem-
perature of the structural phase transition in DMFeFe.

Our results for the damping constant of the p(NH) IR
mode of the compounds studied (Figs. 4-8) suggest that both
models (pseudospin—phonon coupled model and the energy
fluctuation model) describe adequately the observed behav-
ior of the FWHM of the internal mode studied, which can

be associated with the order parameter in those compounds.
Additionally, some other internal modes and also translational
and librational modes appearing due to freezing-in of molec-
ular motions and also ordering of DMA™ cations can be stud-
ied by the method given here for the p(NH;) mode. Their
frequencies (wavenumbers) can be calculated by the molecu-
lar field theory and also their damping constant can be pre-
dicted from the pseudospin—phonon coupled and the energy
fluctuation models in those MOFs. Regarding the phase transi-
tions in (CH3),NH, — Nag 5Fe( s (HCOO)3, namely, DMNaFe
as a perovskite, the driving force was stated as the coopera-
tive freezing of the molecular rotation of the DMA™ cations
via hydrogen bonding rather than tilting of the MOg octahedra
and displacement of the DMA™ cations.*"! In the family of
perovskite heterometallic, (CH3),NH; — Nag sFeq s (HCOO)3
which exhibits structural phase transition*”! due to ordering
of DMAt cations,l4’24’30’3” can also be studied by the model,
namely, molecular field theory to calculate the order parameter
and, the PS and EF models to predict the damping constant as
a function of temperature. For this calculation, Raman and IR
spectra of modes responsible for the structural phase transition
can be analyzed and their wavenumber (order parameter) and
FWHM (damping constant) can be predicted by the models
studied. It was also stated that this cooperative freezing was
shown to be responsible for the onset of a long-range polar-
ization order in DMNaFe.[20 Ag the temperature decreases,
ordering of DMA™ cations due to freezing of their orienta-
tional motions also occurs in the family of compounds with the
general formula (CH3),NH,M(HCOO)3 where M =Mn, Ni,
Co, Fe, and Cu,**?6-321 in particular, DMMg. 33! This freez-
ing leads to strong decrease in FWHM of the p(NH;) band in
DMMg and DMCd. 33! Also, the molecular field theory to pre-
dict the order parameter (frequency) and to predict the damp-
ing constant (FWHM) by the PS and EF models can be applied
to some other niccolites and perovskites which exhibit phase
transitions.

In fact, very recently, we worked on temperature-induced
structural phase transition in (CH3),NH,M"(HCOO);, M =
Mn, Zn, Fe, Ni, and Mg in the case of M =Mg, shortly
DMMg compound, and we calculated the frequency and the
linewidth of the v{(CNC) and p(NH;) modes!*¥ by using the

1351 For the calculation of the frequency,

experimental data.
we used the molecular field theory (Egs. (6a)—(6¢c)) and for
the linewidth (FWHM) the two models (PS and EF) were
used, which explained the observed behavior of the wavenum-
ber and FWHM for those IR modes in DMMg. We were
not able to analyze the v;(CNC) and p(NH;) modes appear-
ing as a function of temperature in (CH3),NH,M"(HCOO)3,
M =Cd or shortly DMCd as observed experimentally®>! by

using the same models since this compound does not ex-
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hibit any phase transition. However, it shows pressure in-
duced phase transition.*®] We also studied the compounds
NH4Zn(HCOO)3 and deuterium ND4Zn(DCOO)3 to calculate
the IR frequency of the v4(NH§L) mode by the molecular field
theory and its damping constant (FWHM) by the PS and EF
models. We found that for this IR mode, molecular field the-
ory and the PS model work reasonably well whereas EF model
does not agree with the experimental data.3”) This can be due
to the temperature dependence of the damping constant given
by I, (T — Tc)_1/2, for example when S=0 (T > T¢) for the
EF model (Eq. (5)), which holds mostly likely close the phase
transition in those compounds. Models were applied to one of
the four perovskite type MOFs of (CH3sNH,NH,)M(HCOO);
known as MHy,M, M =Mn, Mg, Fe, and Zn, in particu-
lar, MHy,Mn which exhibits two structural phase transitions
due to partial ordering of the methylhydrazinium (MH;r )
cations and distortion of the metal organic frameworks.!!'!!
We analyzed the temperature dependence of the wavenumber
and the FWHM for the Raman modes of v(NH;), v,(CHs),
vI(HCOO™), v5(CNN), and IR mode of p(NH>) close to the
transition temperature (7, = 218 K) in H,Mn by using the ex-
perimental data.!'!l The models were able to explain the ob-
served behavior of the wavenumber and FWHM for the Ra-
man and IR modes studied in MH,Mn. Since there is a close
similarity of MH,Fe to multiferroic (CH3),NH,Fe(HCOO)3;,
those models studied (molecular field theory, PS and EF mod-
els) can also be applied to those perovskites when the spectro-
scopic data are available. Similarly, multiferroic perovskites
with the general structure of NH,NH3M(HCOO)3;, M =Mn,
Fe, and Zn (HyM) which exhibit phase transitions, can be
studied by using the models employed here. Raman spec-
tra at different temperatures (H,Fe) and at different pressures
(HyZn), which were obtained experimentally, [ can be ana-
lyzed in terms of the wavenumber and FWHM of modes asso-
ciated with the phase transitions by using the models studied.

As heterometallic niccolites, mixed-valance metal for-
mate with the formulae,

(CH3),NH,Fe!'Fe!'(HCOO)s,
C,HsNH;Fe!'Fe!'(HCOO)g,
(C2Hs),NH,FellFe (HCOO),

exhibiting multiferroic properties, which undergo structural
phase transition (7; ~ 240 K), can also be studied by the mod-
els given here although the phase transition is more complex
than expected on the basis of an order-disorder model, in par-
ticular, for (CH3),NH,M (HCOO)3 compounds with M =Mn,

Zn, Ni, Mg, Fe, and Co, as pointed out previously. [24,25,29,33,38]

4. Conclusions

The IR frequencies of the p(NH,) internal mode were
calculated for the DMFeM (M =Ni, Zn, Cu, Fe, and Mg) com-
pounds using the molecular field theory by analyzing the ex-
perimental data from the literature. For this calculation, we
assumed that the IR frequency of this mode is associated with
the order parameter in those structures. We also calculated the
damping constant of this mode at various temperatures by us-
ing the observed data through the pseudospin—phonon coupled
and the energy fluctuation models.

Our results show that the models used for the analysis of
the p(NH) IR mode, are adequate to describe the observed
behaviour of the wavenumber and FWHM for niccolite com-
pounds studied. This method of analyzing the frequencies and
the linewidth (FWHM) of various modes which are responsi-
ble for the phase transitions, can also be applied to some other
heterometallic structures.
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